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ABSTRACT AND BENEFITS  


 
Abstract: 
 The increasing implementation of wastewater reclamation systems necessitates that 
adequate controls are in place to protect the users of reclaimed water from exposure to 
pathogens. Regulatory compliance is based on routine monitoring of indicator organisms coupled 
with process performance requirements. This project was conducted to compare the effectiveness 
of full-scale biological treatment, filtration, and disinfection for removal of bacterial and viral 
indicators, enteric viruses, and protozoan pathogens. Six full-scale treatment facilities were each 
sampled a minimum of four times over a one-year period. The relative impacts of loading 
conditions, process design, and operating parameters on the removal/inactivation of a suite of 
nine microbial species (bacteria, coliphages, enteric viruses, and protozoan pathogens) were 
evaluated. Operation of biological treatment with higher levels of MLSS and longer MCRTs 
tended to result in increased removal of microbial indicators and pathogens. Increased virus 
removal was associated with biological nutrient removal and nitrification processes and parasite 
removal was associated with enhanced nitrification. Prechlorinated shallow sand (effective size: 
0.6 mm) filters were more effective than deep bed dual media (anthracite and >1 mm sand) or 
monomedia (anthracite or sand) filters for reductions of bacterial indicators and viruses most 
predominantly due to inactivation by the disinfectant, and not physical retention by the filters. 
Deep-bed filtration provided slightly better protozoan removal. Hydraulic loading and filter 
depths impacted removal of some of the indicators. Chlorine disinfection was more effective in 
cases where ammonia levels were low (biological nutrient removal or nitrification facilities). 
Infectivity assays for Cryptosporidium and dye assays for Giardia viability suggested that the 
proportion of infective/viable (oo)cysts remains unchanged throughout treatment, however the 
concentrations of infective (oo)cysts did decrease with increasing degree of treatment. The 
effluent quality  for bacteria, coliphage, viruses and Giardia cysts from the different facilities 
was shown to be statistically significantly different.  


Benefits: 
♦ Provides evidence that reclaimed water may contain enteric viruses and/or protozoan 


pathogens even after filtration and disinfection and in the absence of total or fecal 
indicator bacteria. 


♦ Provides a direct comparison of the concentrations of indicator and viral and protozoan 
pathogens in reclaimed water exposed to different types of treatment.    


♦ Helps to identify the relative effectiveness of biological treatment systems, filtration, and 
disinfection for removal of viral and protozoan pathogens.. 


♦ Results should help guide facilities toward developing improved monitoring tools to 
assess microbiological water quality and help to catalyze discussions on a regulatory 
framework  focused on  reclaimed water quality for viruses, parasites as well as bacteria. 


 
Keywords: Reclaimed water, protozoan pathogens, enteric viruses, indicator organisms, 
biological treatment, wastewater filtration, disinfection 
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EXECUTIVE SUMMARY 
 


It is important to assess the effectiveness of reclaimed water treatment practices for 
control of pathogens in the final treated water with the increasing interest in the use of reclaimed 
water for various purposes such as irrigation, or for cooling water (eg. in urban environments), 
and other applications, where the public is increasingly exposed to the water. Typically, filtration 
and disinfection are used downstream of secondary biological treatment with a goal of producing 
a water that yields minimal risk of exposure to pathogens. The microbiological safety of 
reclaimed water is routinely assessed by monitoring indicator bacteria (fecal or total coliform) in 
grab samples of reclaimed water. In addition to monitoring of indicator organisms, turbidity and 
suspended solids are also used as indirect measures of the potential presence of microorganisms. 
While many facility designs are capable of meeting numerical limits for turbidity, suspended 
solids, and coliform bacteria, limited information is available on the effectiveness of full-scale 
systems for removal or inactivation of pathogens. This project was conducted to evaluate the 
degree to which microbial indicators and pathogens are removed/inactivated through biological 
treatment, filtration, and disinfection at full-scale wastewater treatment and reclamation facilities 
in Arizona, California, and Florida. 


Specific microbial measurements conducted at strategic intervals during reclaimed water 
production included the following bacterial indicators: total and fecal coliforms, enterococci, and 
Clostridium perfringens. Two different methods were used to measure coliphage as virus 
indicators. Pathogens tested included the protozoan intestinal parasites Cryptosporidium and 
Giardia, and cultivatable enteric viruses. All measurements were taken at each facility in the 
influent, secondary effluent, filtered effluent and final disinfected effluent (finished reclaimed 
water). 


The results and conclusions can be summarized as follows: 


♦ The concentrations of the traditional bacterial indicators (total and fecal coliforms), 
alternative indicators (Enterococci, coliphage) and pathogens were fairly consistent in all 
influents of the six treatment facilities and were not significantly different among the 
facilities.  


♦ Many wastewater treatment facilities are permitted to produce effluent that contains <1 
fecal coliform bacteria/ 100 ml. Facilities A, B, C and F met this level in100% of 
disinfected effluent samples, while facilities D and E did so for only 66% and 33% of the 
samples. Only facility C would have met the level of <1 total coliform bacteria /100ml in 
75% of the samples collected. The other facilities had higher levels in 40 to 80% of the 
samples collected.  


♦ Cultivatable enteric viruses and protozoan pathogens (Giardia, Cryptosporidium, total 
cysts and oocysts) were detected in untreated wastewater from all six facilities. 
Cultivatable enteric viruses were detected in 31% of the final effluent samples and were 
not detected in any of the samples from facilities B and E. Protozoan pathogens were 
detected in some of the effluent samples from all six facilities: Giardia cysts were 
detected in 79% of the final disinfected effluent samples while Cryptosporidium  oocysts 
were detected in 39% of the final reclaimed effluents. Infectious Cryptosporidium 
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oocysts were detected in 30% of the final reclaimed effluents and in four of the six 
facilities. 


♦ About 10-30% of the Cryptosporidium oocysts remained infectious as determined via cell 
culture through biological treatment, filtration, and disinfection. Giardia cysts also 
remained viable (1-3% of the total IFA count) according to PI exclusion and DAPI 
inclusion. Infectious oocysts were not detected in any of the UV disinfected effluent 
samples,( detection limits of 2/100 L). 


♦ The production of reclaimed water using secondary activated sludge processes, filtration 
and disinfection is not universally effective for removal of pathogens. Viruses ranged in 
concentration from 0.3 to 3.3 MPN PFU/100L, Giardia cysts ranged from 6 to 390/100 L 
and Cryptosporidium ranged from 4.6 to 114 oocysts/100 L in reclaimed water. 


♦ Inefficiencies in secondary treatment and sedimentation result in a higher microbiological 
loading on filtration and may impact the effectiveness of filtration and disinfection for 
reduction bacteria,  viruses, and protozoa.  


♦ If coliform bacterial concentrations are used to assess microbiological water quality, 
facilities B and C outperformed  the other facilities, while facilities A and F had 
intermediate performance,  with D and E ranked as having the highest concentrations of 
these indicators. However, if detection of coliform bacteria is coupled with monitoring of 
enterococci, Clostridium and coliphage, facilities F and E  outperformed the other 
facilities, while A and B ranked in the middle and facilities C and D had the highest 
frequency of detection of indicators at the detection limits used in this study. 


♦ Based on the viruses, facilities B, C, and E ranked as having the best water quality, D and 
F ranked in the middle and facility A had the poorest quality. Based on Giardia cysts, 
facility F had the best water quality, facility F along with E and B also ranked the best 
based on Cryptosporidium oocysts. Facilities B, D, and E compared to A and D ranked in 
the middle for cysts and oocysts and facilities A and C had the poorest water quality for 
cysts and facility C based on oocysts.  


♦ The use of traditional indicators as monitoring tools would not have identified the 
potential presence of pathogens in Facilities A and C.  


Operations and Design 
 The data obtained in this study represented only six samples from each facility at each 
site after the treatment processes. Thus while this study represents the most comprehensive one 
of its type carried out to date, much more data are necessary to confirm the trends and results that 
have been observed here. The effluent quality  for bacteria, coliphage, viruses and Giardia cysts 
from the different facilities was shown to be statistically significantly different, as the 
concentrations in the influent were not statistically different, this difference can be related to 
removal by the processes.  


    


♦ Operation of biological treatment with higher levels of MLSS and longer MCRTs tended 
to result in increased removal of microbial indicators and pathogens. 
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♦ Prechlorinated shallow sand (effective size: 0.6 mm) filters were more effective than 
deep bed dual media (anthracite and >1 mm sand) or monomedia (anthracite or sand) 
filters for removal of bacterial indicators and viruses.  


♦ Hydraulic loading and filter depths impacted removal of some of the indicators, with 
improved removal associated with lower hydraulic loading rates (0.6-2gpm/ft2) and 
deeper filters (1-1.8m).  


♦ UV inactivation (facility E) of bacteria and coliphage indicators removed 92 to99% of 
these organisms but was not as effective as the extended contact times with chlorine 
which achieved 99.9-99.99% inactivation (facilities C and B).  


♦ Overall, facility C with shortest MCRTs, anthracite monomedia filtration, and lowest 
range of chlorine residuals had the poorest finished water quality with respect to 
Cryptosporidium, coliphage, enterococci and Clostridium. This was despite the fact that 
the facility had the longest chlorine contact times.  


♦ Facility A had the poorest finished water quality in regard to viruses and Giardia (poor 
removal of cysts). This facility had a cloth filter, highest loading rate and lowest range of 
chlorine contact times. 


♦ Facilities D and E had the worst finished water quality in regard to total and fecal 
coliform bacteria. The UV disinfection at Facility E was ineffective at achieving the 
coliform standards of nondetects for the bacterial indicators although it appeared to be 
effective against the viruses and should have been effective based on design against the 
parasites. Facility D had poorer removal by the filtration but similar disinfection contact 
time as facility A (which was the lowest of all facilities) thus producing a final water 
quality with greater concentrations of bacteria.  


♦ Facility F produced the best overall microbial quality with the longest retention times, 
deepest filters (dual media), least amount of ammonia impacting disinfection (70-90 min. 
contact times with 4-6mg/L of residual chlorine) for parasites, viruses, and indicators. 
Despite this, viruses and infectious Cryptosporidium were still detected.  


♦ The longer chlorine contact times in Facility B (due to prechlorination of the filter) and 
Facility C likely contributed to reductions of the viruses in those facilities and may be 
needed to achieve nondetectable levels of cultivatable viruses in the reclaimed water 
effluent  (using current methods for virus detection). 


♦ A high percentage of reclaimed water samples were positive for IFA total counts of cysts 
and oocysts, and some were positive for infectious Cryptosporidium. A rigorous risk 
assessment should be conducted to determine whether other barriers to reduce viable 
protozoa are needed.  


      


Reclaimed water facilities can be designed and operated to produce high water quality. 
Greater attention needs to be focused on improving the efficiency of secondary treatment for 
removal of pathogens. The effectiveness of filtration for removal and inactivation of pathogens 
can be improved by strategic use of coagulation and prechlorination. Finally, disinfection 
efficiency is impacted by the effectiveness of  upstream processes for removal of particles and 
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other potential interferences. More robust disinfection systems are needed to compensate for 
upstream process upsets and inconsistencies.  


Based on this study, it is evident that increased monitoring for alternative indicators and 
pathogens is warranted to build a better data base on the occurrence and reductions of enteric 
bacteria, viruses and parasites in reclaimed water. Finally the authors of this report believe that 
more discussion should be undertaken regarding the efficacy of process requirements versus 
water quality goals for reclaimed water at the national level. Reclaimed water as monitored in 
this study in Arizona, California, and Florida is not pathogen free and exposure of the public to 
these waters carries some risk, albeit this level may be very low and quite acceptable to most 
populations. Integration of microbiological monitoring with control factors associated with 
process design and operations may lead to a more robust approach for assuring the safety of 
reclaimed water. 
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 CHAPTER 1.0 
  


 INTRODUCTION AND BACKGROUND 
 


 
Over the past few decades, wastewater reclamation and reuse has become an integral 


component of water resource management in many states in the U.S. and throughout the world 
(Rose, 1986, Rose et al.,1996; U.S. EPA, 1992, Levine and Asano, 2004). With increasing 
interest in the use of reclaimed water for irrigation, cooling water, and other nonpotable 
applications, it is important to assess the effectiveness of current treatment practices for control 
of pathogens. Wastewater reclamation and reuse facilities are designed to produce reclaimed 
water that yields minimal risk of exposure to pathogens when coupled with specific controls on 
the distribution and use of the reclaimed water. Typically, the potential presence of pathogens in 
reclaimed water is assessed using indirect measures such as turbidity or suspended solids 
coupled with regular sampling for indicator organisms, such as coliform bacteria (total or fecal).  


While coliform bacteria have a long history of use as indicators of microbiological safety, 
limited data are available on how removal of coliforms compares to removal of protozoan 
pathogens, viruses, or other bacteria. In addition to routine monitoring of coliform bacteria, 
several alternative monitoring approaches have been suggested as indicators of the presence of 
potential pathogens. Examples of alternative indicators include Enterococci, Clostridium 
perfringens, and F-specific coliphages. Quantitative data on microorganisms (viruses, protozoa 
and bacteria) in untreated wastewater and throughout various phases of the treatment process are 
available (Rose et al., 1996, 1999, 2001). But the degree to which data in the literature can be 
extrapolated to full-scale treatment systems is unknown. Differences in wastewater 
characteristics and treatment process effectiveness may impact the fate of pathogens through 
wastewater treatment facilities. 


Currently, within the U.S., there are no national standards targeted at the presence of 
pathogenic microorganisms in reclaimed water. Originally states such as California had a goal 
for production of reclaimed water that was “essentially pathogen (virus) free” reduced by 
99.999% and this was based on the Pomona Virus Study and ability to inactivation viruses 
through extensive disinfection (County Sanitation Districts of Los Angeles County, 1977; State 
of California, 1978). Only in the State of Arizona, had there been actually water quality 
standards for viruses and Giardia cysts (Arizona, 1984). In Florida, recent rules have 
recommended monitoring in attempt to build a data base on protozoa (York and Walker-
Coleman, L. 2000). However, in most cases data are not available on a routine basis for enteric 
protozoan parasites and, in most cases, the potential presence and quantification of viruses in 
reclaimed water effluents.  


Typically, the treatment of municipal wastewater for reclamation includes biological 
treatment followed by filtration and disinfection. It is likely that differences in treatment 
operations, varying filter designs, and disinfection approaches can produce effluents of varying 
quality. This study was conducted to compare pathogen reduction in full-scale treatment 
facilities that produce reclaimed water.  
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1.1      Objectives 
This project was conducted to evaluate the degree to which microbial indicators and 


pathogens are removed/inactivated through biological treatment, filtration, and disinfection at six 
full-scale wastewater treatment and reclamation facilities in the United States. The five 
objectives of this project are:  


♦ Compare the concentrations of bacterial indicators (total coliform, fecal coliform, 
enterococci, Clostridium perfringens), viral indicators (coliphages), human viruses, and 
protozoan pathogens (Giardia, Cryptosporidium) in untreated wastewater.  


♦ Identify process variables that influence removal of indicators and pathogens through 
biological treatment systems. 


♦ Evaluate differences in indicator and pathogen removal by filtration. 
♦ Assess the effectiveness of chlorine (combined or free) disinfection and UV for 


inactivation of indicators and enteric viruses. 
♦ Examine the viability of Cryptosporidium oocysts through biological treatment, filtration, 


and disinfection.  
 


1.2       Microbial Indicators and Pathogens 
The concept of using indicators as monitoring tools is based on providing a relatively 


rapid means for assessing the microbial characteristics of a sample. The principle behind the use 
of indicator organisms is that, while it is impractical and currently nearly impossible to test water 
for all possible pathogens that could be present, an indicator organism that is always found in 
fecal material could serve as a surrogate for detection of pathogens. Ideally, indicators should 
have similar environmental requirements and exhibit similar patterns of growth, die-off, and 
susceptibility to disinfectants and toxics as pathogens. A summary of the ideal characteristics of 
indicator organisms is given in Table 1-1.  


 
Table 1-1. Ideal Characteristics of Indicator Organisms.1 


Property Indicator characteristics 
Pathogenicity Not pathogenic  
Occurrence patterns Present when human pathogens are present; absent when they are not 
Survival characteristics Survival characteristics should be similar to pathogen survival 
Reproduction Doesn’t multiply in natural waters 
Inactivation Inactivated by treatment systems at about the same level as pathogen inactivation 
Source Only source in natural waters is fecal contamination 
Cost Assay is relatively cheap, easy to perform, and has a rapid turn-around time 
1 Adapted from Harwood, 2001  


 


Coliform bacteria are widely used as microbial indicators for wastewater reclamation and 
reuse applications. In this project, total and fecal coliform concentrations were compared to other 
bacterial and viral indicators, enteric viruses, and protozoan pathogens. The characteristics of the 
microbial parameters tested in this project are compared in Table 1-2.  
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1.2.1 Bacterial Indicators 


Bacterial indicators include total and fecal coliform, enterococci, and Clostridium 
perfringens. Because of their long history of use, coliform bacteria provide a reference point to 
which to compare alternative indicators. As shown in Table 1-2, the coliform bacteria are rod-
shaped, Gram-negative, heterotrophic bacteria that range in length from 0.5 to 2 µm. Coliforms 
are facultative anaerobes, capable of aerobic respiration, anaerobic respiration, and fermentation 
pathways for ATP synthesis. Total coliforms consist of lactose-fermenting bacteria that do not 
form spores and that grow at 37oC. The fecal coliform group is a subgroup of total coliforms that 
is defined by its ability to grow at 44.5oC. Although Escherichia coli is the dominant fecal 
coliform in the gastrointestinal tract of mammals, members of other genera such as Citrobacter 
and Klebsiella can meet the operational definition of fecal coliform(LeClerc et al., 2001). The 
enterococci are spherical, Gram-positive aerotolerant bacteria that do not utilize oxygen for ATP 
synthesis. Enterococci are a subgroup of fecal streptococci and tend to be more persistent than 
fecal coliforms, particularly through wastewater treatment processes. Clostridium perfringens are 
rod-shaped, obligately anaerobic Gram-positive opportunistic pathogens that tend to survive 
longer in the environment than other bacteria due to the formation of endospores. It has been 
suggested that Clostridium perfringens could be used as a surrogate indicator for protozoan 
pathogens because of their spore-forming capacity and resistance to disinfection.  


 


1.2.2 Viruses and Viral Indicators 


It is estimated that over 100 human enteric viruses can be transmitted by human feces 
(Mara and Horan, 2003). Most of these viruses infect the gastrointestinal tract and are 
transmitted via person-to-person contact or through exposure to contaminated food and/or water. 
The viruses known to be present in relatively large numbers in human feces include cultivable 
enteroviruses (i.e. echoviruses, coxsackieviruses), adenoviruses, reoviruses, rotaviruses, 
Hepatitis A virus, and Norwalk-like viruses. Viruses are of particular concern when present in 
reclaimed wastewater due to their characteristically low (<10) infectious dosages (Murray et al. 
2001; Haas et al., 1999).  


Viruses evaluated in this project included enteric viruses (enteroviruses and reoviruses) 
and two types of coliphages. Enteroviruses are a genus of RNA enteric viruses that are small, 
simply-structured and contain an icosahedral capsid (protein coat). Poliovirus, hepatitis A virus, 
and many classes of gastroenteritis-causing viruses are examples of enteroviruses. Typically, 
enteroviruses are associated with domestic wastewater and tend to be more infective and decay 
more slowly than bacterial pathogens. However, the prevalence and concentration of the 
hundreds of different enteric viruses in wastewater varies with the health of the community that 
is served by a wastewater collection system. For example, the recent massive outbreaks of 
Norovirus, a waterborne pathogen found in sewage, would be associated with increased 
concentrations of this virus in the wastewater collection system. Because Norovirus is not an 
enterovirus and is not typically monitored in wastewater, protective measures are needed to 
ensure that it is removed through wastewater treatment and disinfection.







 


  
Table 1-2. Comparison of Characteristics of Indicator Organisms and Pathogens Tested in this Study. 


Indicator /Pathogen Example species or description Cell wall Shape Size,µm Comments
Bacterial indicators     


Total coliform Escherichia, Klebsiella. Citrobacter, Enterobacter Gram negative;  
non-spore forming 


Rod 0.5 to 2 Facultatively anaerobic 


Fecal coliform Escherichia, Klebsiella; coliforms able to grow at 
44.5º C  


Gram negative;  
non-spore forming 


Rod 0.5 to 2 Facultatively anaerobic 


Enterococci Enterococcus faecalis, Enterococcus faecium Gram positive,  
non-spore forming 


Cocci 0.5 to 1 Aerotolerant anaerobe  


Clostridium 
perfringens 


Opportunistic pathogen; produces enterotoxin Gram positive,  
spore forming  


Rod 0.6 to 1.3 by 2.4 
to 19 


Obligately anaerobic 


Coliphages Viruses that infect E. coli and other coliform bacteria   0.025– 0.20  
Coliphages that 
infect E. coli Famp 
host 700891 


Male specific (F+) RNA coliphages;  
Can only replicate when bacterial host cell is in 
logarithmic growth phase at > 30 oC  


No cell wall; coat 
protein protects RNA 


Icosahedral  
protein shell 


0.025 Infect host by attaching to 
fertility fimbriae 


Coliphages that 
infect E. coli 15597 
host 


Male specific (F+) and somatic  coliphages that infect 
E.Coli 15597 (ATTCa)  


No cell wall; coat 
protein protects nucleic
acid  


Icosahedral  
protein shell 


0.025 Somatic coliphages attach to 
cell wall; F+ attach to fertility 
fimbrae 


Enteroviruses Genus within the family Picornaviridae includes 
poliovirus, coxsackievirus, echovirus, hepatitis A virus  


No cell wall; 
Non-enveloped protein 
coat 


Icosahedral capsid 
single strand (ss) RNA 


genome 
 


0.025-0.030 Infect mammalian cells 


Protozoan Parasites Complex life cycle.  
Zoonotic (animal to human) transmission. 


 


Giardia intestinalis Flagellated protozoan; Phylum Mastigophora  Ovoid cyst ~8.5 x 10 Cyst is infective form  
Cryptosporidium 
parvum 


Coccidian protozoan; Phylum Apicomplexa Ovoid Oocysts; 4 to 6 
 


Oocyst is infective form; 
resistant to disinfection 


aATTC: American Tissue Culture Collection
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Coliphages are viruses that infect and replicate in coliform bacteria, thus they can only 
proliferate when the host bacterium is present. Coliphages can be classified in terms of whether 
their genome is composed of DNA or RNA. In addition they can be classified as either male-
specific (MS) or somatic. MS coliphages require a host that produces the fertility fimbriae (F+). 
Conversely, somatic coliphages bind to receptors located on the host cell wall and are not 
restricted to F+ hosts. Because bacteria in biological treatment systems are not in a logarithmic 
growth phase, it is unlikely that MS coliphages can replicate during treatment.  


Similarities in the physical structure, morphology, and nucleic acid composition of 
certain coliphages and human enteric viruses suggest that reduction of coliphages and enteric 
viruses may follow similar patterns, depending on the dominant physical, chemical, and/or 
biological removal mechanisms. In addition, the presence and survival of coliphages is related to 
bacterial concentrations. Coliphage testing has been proposed as a surrogate indicator for 
pathogens in wastewater, due in part to the failure of coliform bacteria to correlate with 
pathogens in wastewater (Havelaar et al., 1993). Two E. coli hosts were used in this study to 
quantify different subsets of coliphages: E. coli ATTC strain 700891 (Famp) for male-specific 
RNA coliphages and E.coli ATCC strain 15597 for somatic and male-specific coliphages. 


 
1.2.3 Protozoan Pathogens 


Giardia is the most commonly isolated intestinal parasite in the world (Gardner et al. 
2001). Giardia cysts are present in high numbers in domestic sewage and are of particular 
concern due to their inherent resistance to disinfectants commonly used in wastewater treatment 
processes (Rose et al., 1996).  


Cryptosporidium is an intestinal parasite found worldwide. The oocysts have been 
detected in untreated wastewater and also in some drinking water sources (Smith and Rose, 
1998; Rose et al., 2002). As with Giardia, Cryptosporidium oocysts are resistant to the levels of 
chlorine commonly used in wastewater treatment. Cryptosporidium caused the largest 
waterborne outbreak ever documented in the U.S., where over 400,000 people became ill in 
Milwaukee, WI when a drinking water treatment plant malfunctioned (MacKenzie et al., 1994). 
To date, no confirmed illnesses from exposure to reclaimed water sources of Cryptosporidium 
have been documented.  


 


1.3       Regulatory Requirements for Control of Pathogens in Reclaimed Water 
Within the U.S., there are no national standards for control of reclaimed water. Therefore, 


regulatory requirements for control of pathogens in reclaimed water are set by state and local 
regulatory agencies. A review of regulatory requirements is currently in progress by the U.S. 
EPA (Crook, 2003). Typically regulatory requirements are linked to the potential uses of the 
reclaimed water and the potential risks associated with exposure. In some states, the regulations 
explicitly specify the type of treatment and associated monitoring for individual reuse 
applications. In other states, the requirements are more generic. The wastewater treatment 
facilities that participated in this project were from three states: Arizona, California, and Florida. 
A comparison of the regulatory requirements for these three states is given in Table 1-3. 
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Table 1-3. Comparison of Microbiological Monitoring Requirements for Arizona, California, and Florida 


for the Use of Reclaimed Water for Urban Applications.1 


Parameter Arizona2 California3 Florida4


Microbial monitoring 
requirement 


Fecal Coliform,  
ND (7 day median value) 
 23/100 mL maximum (Class A5) 


Total Coliform; 
≤ 2.2/100 mL (7 day median) 
23/100 mL maximum value in a 30 
day period 
Never exceed 240/100 mL 


Fecal coliform,  
ND in at least 75% of samples 
Never exceed 25/100 mL 


Frequency Not specified Daily; compliance is 7 day median 
value 


Daily 


Limits Turbidity < 2NTU  
24 hour average;  
Never exceed 5 NTU 


Turbidity < 2NTU; daily average; 
Cannot exceed  5NTU more than 5%
of time;  
Never exceed 10 NTU 


TSS < 5 mg/L 
CBOD5 < 20 mg/L 


Other monitoring 
requirements 


Filtered effluent turbidity CT6 450 mg-min/L; modal contact 
time of 90 minutes; or 5 log reduction
of MS-2 or poliovirus 


Minimum chlorine residual  
 1 mg/L as Cl2 after 15 min 
contact time 
Periodic testing of effluent 
Giardia and Cryptosporidium 
(one sample per 2 years or 5 
years depending on plant size) 


Treatment requirements 
Biological Treatment Yes Yes yes 
Coagulation Not required; require chemical 


feed facilities for coagulant and/or 
polymer addition in case of filter 
turbidities over 5 NTU (2 NTU 24 
hour average) 


Needed if secondary effluent 
turbidity is > 5NTU for a 15 minute 
period or ever > 10 NTU 


Need chemical feed facilities 
upstream of filtration in case of 
poor quality secondary effluent 


Filtration Yes Yes yes 
Disinfection Yes Yes yes 
1Adapted from Crook, 2003 
2State of Arizona. 2001. Regulations for the Reuse of Wastewater. Arizona Administrative Code, Chapter 9, Article 7, Arizona 
Department of Environmental Quality, Phoenix, Arizona. 
3State of California. 2000. Water Recycling Criteria. Title 22, Division 4, Chapter 3, California Code of Regulations. California 
Department of Health Services, Drinking Water Program, Sacramento, California. 
4Florida Department of Environmental Protection. 1999. Reuse of Reclaimed Water and Land Application. Chapter 62-610, Florida 
Administrative Code. Florida Department of Environmental Protection, Tallahassee, Florida. 
5Class A includes open access landscape irrigation (parks, residential, schools), recreactional impoundments, food-crop 


irrigation, closed-loop air conditioning systems, etc. 
6CT: Product of contact time in minutes and chlorine residual in mg/L 
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CHAPTER 2.0 


 
 


METHODS AND MATERIALS 
 


 
For this project, samples were collected from each of six wastewater treatment facilities 


over the course of a one year sampling period. At each facility, samples were collected from four 
locations: influent, secondary effluent, filtered effluent, and disinfected effluent. In each case, 
grab samples were collected under peak flow conditions. Information on the facilities that 
participated in the project and sample collection and analysis methods are provided in this 
chapter. 


 


2.1  Wastewater Reclamation and Reuse Facilities   
The six facilities that participated in the project are all full-scale wastewater reclamation 


and reuse facilities that produce reclaimed water for nonpotable urban applications. Four of the 
facilities are in Florida, one is in California, and one is in Arizona. A comparison of the six 
facilities is given in Table 2-1. 


The biological process used at four of the facilities is conventional activated sludge. One 
facility is a nitrification plant and one facility is a biological nutrient removal plant. The types of 
filters in use included fabric filters, shallow and deep-bed monomedia filters, and dual media 
filters (sand and anthracite). Of the six facilities, only one routinely pre-chlorinates, one uses a 
cationic polyelectrolyte, and the others do not routinely use chemicals upstream of filtration. For 
disinfection, chlorine is used at five of the facilities and one facility uses UV disinfection. For the 
facilities with conventional activated sludge, the dominant form of chlorine available for 
disinfection is combined chlorine or chloramines, whereas in the facility with biological nutrient 
removal, free chlorine is used. The UV system consists of four banks of 64 medium-pressure 
lamps (TrojanTM 4000). The lamp intensity is based on the UV transmittance and the turbidity of 
the water.  
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Table 2-1. Comparison of Facilities Tested During the Project.1 


Parameter A B C D E F 
Range of Capacity  MGD 0.9-2.6 13.9-16.2 9.6-10.3 11-25 1.3-2.1 1.3-2.4 
Primary treatment Grit removal Grit removal Grit removal 


Primary clarifier 
Grit removal Grit removal; 


Equalization basin 
Grit removal 


Biological Treatment       
Process Type Activated 


sludge 
Activated sludge Activated sludge Activated sludge Nitrification Biological nutrient 


removal 
Mean Cell Residence 
Time, days 


6-8 3.5-6 1.6-2.7 3-5 8.7 to 13.3 8 to 16 


Filtration       
Filter type Cloth Traveling bridge Monomedium Dual Media Continuously 


Backwashed 
Upflow Filter 


Dual Media 


Filter Media (Depth) Fabric  Sand (0.3 m)  Anthracite (1.2 m) Anthracite (0.8 
m) 


Sand (0.25 m) 


Sand (1.2 m) Anthracite (0.6 m) 
Sand (1.2 m) 


Chemical Use None Pre-chlorinate Cationic 
polyelectrolyte 


None None Alum added to 
secondary clarifier 


Hydraulic Loading Rate
gpm/ft2


1.5 to 5.8 0.6 to 1 1.1 to 1.8 2.2 to 5.8 1.2 to 2 1.3 to 1.5 


Volume per 
backwash, 
gallons/filter 


1,200 3,000 24,000 250,000 8% of flow 60,000 


Backwashing 
frequency, hours 


72 to 84 Automatic 
(every 24) 


48 48 to 168 Continuous 48 to 168 


Backwash water 
source 


Filtered 
effluent 


Chlorinated 
effluent (6 mg/L 


as Cl2) 


Chlorinated Filter 
effluent   


(30 mg/L as Cl2) 


Chlorinated 
effluent (3-6 
mg/L); shock 
chlorinated 


3x/year 


Final effluent 
(unchlorinated); 


shock chlorinated 
periodically 


Chlorinated effluent  
(5 mg/L as Cl2) 


Disinfection       
Disinfectant Chlorine or 


Sodium 
hypochlorite 
(since 7-03) 


Chlorine Sodium 
hypochlorite 


Chlorine  Medium pressure 
UV (256 lamps) 


Chlorine 


Secondary Effluent 
Ammonia, mg/L as N 


5-12 15-40 11-22 1-5 <0.2 <0.2 


Total Chlorine 
Residual, mg/L 


2-5 7-9.5 1.75-4.2 3 - 6 NA 4-6.5 


Disinfection pH 6.8-7.2 6.8-7.1 7.2-7.4 7.2-7.4 7.3-7.5 6.9-7.1 
Contact time, min 20-80 45-60 340-580 35 -82 NA 70-90 
CT, mg-min/L 100-235 350-570 975-2400 120-290 NA 300-570 


1 Based on operating data during sampling 
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2.2 Sample Collection 
Samples were collected from four sites within each plant to represent effluents from each 


stage of the treatment process. Sampling locations consisted of wastewater influent (site 1), 
secondary effluent (site 2), filter effluent (site 3), and disinfected effluent (site 4). Each facility 
was sampled five times; approximately every two months. Samples were either collected by 
project personnel (Facilities A, B, D, and F) or by operators at the individual facilities (Facilities 
C and E). Depending on the treatment plant location, samples were either shipped from the 
treatment plant to the analytical laboratories (Florida, Michigan) or transported back to USF for 
initial processing and shipping. Each sample was assayed for traditional and alternative bacterial 
and viral indicators, parasites, and enteric viruses within 32 h of collection (depending on the 
facility location and type of analysis performed).  


The sampling for each plant began during the peak flow for the day of sampling (usually 
mid-morning). After collecting the influent sample, attempts were made to collect downstream 
samples based on the approximate hydraulic detention time of each treatment unit. All samples 
were collected in sterile containers and were stored on ice until they were processed or 
transferred to a refrigerator. Chlorinated samples (disinfected effluent and filtered effluent from 
facility that pre-chlorinate) were dechlorinated with sodium thiosulfate added to a final 
concentration of 100 mg/L. The volume of sample collected at each site varied by parameter and 
location. For bacterial and coliphage enumeration, sample volumes were 50 mL of influent, 500 
mL from the secondary clarifier, 2 L of filtered effluent and 2 L of disinfected effluent. For 
enteric virus assays, the sample volume was based on either the amount of water that could be 
processed without clogging the filter or a fixed volume. Typically less than 100 L was filtered 
for each influent sample, depending on water quality (i.e. suspended solids content). 
Standardized sample volumes were used for the other sample locations: 190 L samples from the 
secondary clarifiers, and 378.5 L samples from the filtration and disinfection steps. For 
quantification of protozoan parasites, the sample volumes used were about 0.5 – 1.0 L influent, 
about 19 L secondary effluent, about 38 L effluent from filters, and about 53 L disinfected 
effluent. 


Grab samples were used for the bacterial and viral indicators, while the parasite and virus 
samples were collected and concentrated by pumping large volumes of water through appropriate 
filters. 1MDS (Cuno, Inc.) cartridge filters were used for collection and concentration of viruses 
while Pall-Gelman Envirochek HV capsule filters were used for collection and concentration of 
protozoan parasites.  


Samples were placed on ice and shipped to the appropriate laboratories for analysis 
(University of South Florida, Michigan State University, University of Florida). Operational data 
associated with each sampling event was provided by operators at each facility. In some cases, 
supplemental water quality analyses were conducted by the project team. 
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2.3 Enumeration of Bacterial Indicators and Viral and Protozoan Pathogens 
The microbiological assays included total and fecal coliform bacteria, enterococci, 


coliphages grown on two different E. coli hosts, enteroviruses, Giardia, and Cryptosporidium. 
Methods are summarized below. 


 


Coliform bacteria  Total coliform (TC) were isolated by membrane filtration according 
to Standard Methods for the Evaluation of Water and Wastewater (APHA, 1998). Samples were 
filtered through 47 mm cellulose acetate membrane filters with a nominal pore size of 0.45 µm. 
Tenfold serial dilutions were made up to 1:10,000. One mL of each dilution was added to 
phosphate buffered saline (PBS), and filtered. A maximum of 100 mL of undiluted sample was 
filtered. Each volume was filtered in triplicate. Filters were transferred to 50 mm petri dishes 
containing mEndo-LES agar (Difco Laboratories, Detroit, MI) and incubated for 24 h at 37°C. 
Colonies that produced a metallic sheen were enumerated as total coliforms. For enumeration of 
fecal coliform, membrane filters were transferred to 50 mm petri dishes containing mFC medium 
(Difco) and incubated for 24 h at 44.5°C in a water bath. Blue colonies were enumerated as fecal 
coliforms. Escherichia coli (American Type Culture Collection [ATCC]# 9637) was used as the 
positive control for all coliform measurements. 


 


Enterococcus spp. were enumerated using a modification of Method 1600 (U.S. EPA, 
1997). Samples were filtered as described above and the filters were transferred to 50 mm petri 
dishes containing mEI agar. This media consisted of mE agar base (Difco) amended with indoxyl 
β-D glucoside (0.75g/L), nalidixic acid (0.24 g/L) and triphenyl tetrazolium chloride (0.02 g/L). 
Plates were incubated at 41 ± 0.5oC. After 24 h incubation, colonies exhibiting a blue halo were 
enumerated as enterococci. Enterococcus faecalis (ATCC #19433) was used as a positive 
control. 


 


C. perfringens were enumerated by membrane filtration and filters were transferred to 
Petri plates containing mCP agar (Acumedia Manufacturers, Inc. Baltimore, MA). Plates were 
incubated anaerobically using anaerobic gas packs (BBL GasPak, Beckton Dickinson) at 45°C 
for 24 hours. The resultant yellow colonies were exposed to ammonium hydroxide fumes and the 
colonies that turned red or dark pink were enumerated as C. perfringens (Bisson and Cabelli, 
1979). C. perfringens (ATCC #13124) was used as positive control. 
 


Coliphages were analyzed by two methods: the agar overlay method of Adams (1959) 
and a version of the large volume (1L) presence/absence assay of Yanko et al. (1999) for treated 
effluent. Two E. coli host strains were used in separate assays: E. coli HS(pFamp)R (ATCC 
#700891), which hosts male-specific (F+) coliphages, and  E. coli C-3000 (ATCC #15597), 
which should host both somatic and F+ coliphages. Serial dilutions of samples were made in 
phosphate buffered saline (PBS) buffer according to expected phage concentrations at each 
treatment step. Five replicate volumes of 0.1 ml to 2 ml were plated for each dilution except in 
the case of the disinfected effluent samples, for which ten replicates of 2 ml each were plated. 
Plaque forming units (PFU)/100 mL were calculated after 24 h incubation. In this report 
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Coliphage700891 refers to the male-specific coliphages and Coliphage15597 refers to the E. coli C-
3000 host. 


Enteroviruses Samples were filtered through Virusorb 1MDS Filters (Cuno Inc., USA) 
as per U.S. EPA (1996) methodology. Typically less than 100 L was filtered for each influent 
sample, depending on water quality (i.e. suspended solids content). Sample volumes were 
approximately 190 L  from the secondary clarifiers, and 378.5 L  from the filtration and 
disinfection steps. Filters were eluted with 1 L of 1.5% beef extract (BBL V) in 0.05 M glycine 
(pH 9.5, ~25°C) (U.S. EPA/ICR). The eluted sample was concentrated by organic flocculation 
and assayed for enteric viruses by the observation of cytopathic effects (CPE) on recently passed 
(<4 days) cell lines. Three cell lines, Buffalo Green Monkey (BGM), Rhabdosarcoma (RD), and 
MA-104 cells were used for this purpose. Positive controls were performed in a separate room 
using Poliovirus I. Cytopathic effects on each cell line were observed, and the most dilute sample 
showing CPE was recorded. Most probable number (MPN) determinations were performed using 
U.S. EPA released software. 


 
Cryptosporidium and Giardia  For the detection of parasitic protozoa, samples were 


filtered through a high-volume Gelman Envirochek HV filter using a portable electric diaphragm 
water pump with flow rates maintained at 2 L/min. Sample volumes varied depending upon the 
treatment stage and the amount of water that could be filtered, i.e. 0.5 – 1.0 L influent, ~19 L 
secondary effluent, ~38 L effluent from filters, and ~53 L disinfected effluent. Detection limits 
varied with the total volume of sample filtered. Filters were eluted and processed according to 
Method 1623 (U.S. EPA, 1999) and sample concentrates were subjected to immunomagnetic 
separation for purification of the oocysts from the material captured. Aliquots of the purified 
sample concentrate were fixed with methanol onto well slides, filtered through cellulose acetate 
membrane filters or removed into 1.5-mL microcentrifuge tubes. For Cryptosporidium only, each 
sample was split between cell culture viability testing and microscopic enumeration. Tissue 
cultures were fixed with 100% methanol for 10 minutes and labeled using the indirect antibody 
procedure [Foci Detection Method (FDM-MPN)] (Slifko, et al., 1997, 1999). Samples were 
examined under by both epifluorescent and DIC microscopy. Equivalent volumes were 
calculated, and results are reported as cysts or oocysts per 100 L. Method 1623 determines the 
total numbers of IFA positive oocysts and cysts (empty, full, potentially viable) and does not 
address the viability of the oocysts or cysts.  


Stock solutions of 4’,6-diamidino-2-phenylindole (DAPI, [catalog no. D-9542; Sigma 
Chemical Co., St. Louis, MO] 2 mg/mL DAPI in absolute methanol) and propidium iodide (PI, 
[catalog no. P-4170; Sigma Chemical Co., St. Louis, Mo.] 1 mg/mL PI in 0.1 M PBS, pH 7.2) 
were prepared and stored at 4 °C in the dark. From the DAPI stock solution, a 1:5,000 dilution in 
PBS was prepared. Each subsample was stained as follows: (i) fluorescein-labeled antibody 
(EasyStain, Biotechnology Frontiers, Australia and Giardi-a-GloTM, WaterborneTM, Inc. New 
Orleans, LA) and DAPI; (ii) fluorescein-labeled antibody and PI; (iii)  fluorescein-labeled 
antibody and DAPI/PI.  


The IF staining and dye uptake protocols were performed in well slides (DYNAL spot-
on, DYNAL, Inc. New York) and on 0.22 µm pore size Sartorius 25-mm diameter cellulose 
acetate filters (Sartorius Corp., Edgewood, NY) following the manufacturer’s specifications. 
After the incubation period, each subsample was stained with DAPI, PI, or a combination of 
DAPI and PI. One-hundred µL and 500 µL of each fluorochrome were added to methanol-fixed 
and membrane-filtered subsamples, respectively. Some of the samples fixed on well slides 


Reduction of Pathogens, Indicator Bacteria, and Alternative Indicators by Wastewater Treatment 
and Reclamation Processes   2-5 







received 10 µL of each fluorochrome stock solution according to specifications by Campbell et 
al. (1992) for Cryptosporidium oocysts. DAPI-stained sub-samples were incubated for 2 minutes 
USEPA Method 1623; U.S. EPA, 1999) while PI-stained subsamples were incubated for periods 
of 2 and 10 minutes; (Sauch et al. 1991). DAPI/PI stained subsamples were incubated for periods 
of 2 and 10 minutes at room temperature and 2 hours at 37°C, which is the optimum time for 
maximum dye uptake for Cryptosporidium oocysts (Campbell et al., 1992). Two of the 
subsamples were stained in suspension with the FITC-labeled antibodies after the DAPI/PI 
exposure step, which was performed at 37°C for 2 hours. Some of the membrane filters were 
dehydrated by sequential application of 20, 40, 80, and 90.2% ethanol solutions containing 5% 
glycerol.  


Microscopic examination  Samples were observed with the 20X and 40X Dplan Apo 
UV objective lens with both epifluorescence and DIC microscopy. An Olympus model BH2 
microscope equipped with a UV filter block (350-nm excitation and 450-nm emission) for DAPI, 
blue filter block (450-nm excitation and 520-nm emission) for FITC and a green filter block 
(500-nm excitation and 630-nm emission) for PI was used. Nomarski differential interference 
contrast microscopy (DIC) was used to look at internal morphological characteristics in Giardia 
cysts under 400X magnification.  


Cryptosporidium viability assay  Concentrates from the IMS procedure were inoculated 
onto HCT-8 cell monolayers in eight-well chamber glass cell culture slides as described by 
Slifko et al (1997). RPMI media was used and cells were plated in eight-well chamber glass cell 
culture slides. Water samples were treated with 0.525% sodium hypochlorite (10% reagent grade 
bleach (vol/vol) in DI water) at 4°C for eight minutes and washed once by centrifugation, for the 
purpose of surface sterilization. The bleach treatment triggers the oocysts to excyst and prevents 
the tissue cultures from becoming contaminated by bacteria, fungi or viruses present in the 
oocyst samples. The washing serves to remove residual chlorine to prevent interference with cell 
culture. Samples were pipetted onto cell monolayers in six replicate wells so that the entire 
volume of each concentrate was inoculated. For each well slide, one well of uninoculated cell 
monolayer was set up concurrently as a negative control and as a control of the health of the cell 
monolayer, and a well containing bleach-treated fresh oocysts (less than 30 days old) was used as 
a positive control. The cultures were incubated in a 5% CO2 atmosphere at 37°C for 48 hours. 
The presence of multiple stages of the parasite and clustering (indicating the auto-reinfective 
nature of the life cycle) were recorded. Infectious Cryptosporidium were enumerated by the Foci 
Detection-Most Probable Number Method described by Slifko et al. (1999). Results were 
reported as viable oocysts per 100L.  


 


2.4  Data Interpretation and Statistical Analysis   
All microbiological data were log10 transformed and statistical analysis was performed to 


assess inter- and intra-facility differences in levels of indicator and pathogenic organisms due to 
different treatment design and operational variables. The design variables and treatment 
processes evaluated included: biological treatment parameters, type of filtration, and method of 
disinfection. Operational variables evaluated included solids retention time, filter loading rates, 
chemical usage, backwash practices, disinfectant residuals, and contact times. Trends of 
pathogen reduction and survival were compared to operating parameters for each process for 
each plant individually and for pooled data from all plants to identify potential correlations. 
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Statistical analyses were performed using Microsoft Excel, SASTM, KaleidographTM, and 
ProStatTM software. In cases where microbial concentrations were below detection limits, such as 
for samples from the final disinfected effluent, the data presented used the detection limit to 
calculate the mean. In some cases, additional analyses were conducted using 0-values or 1⁄2 the 
detection limit; however, these calculations did not affect the results of the statistical analysis 
and are specifically mentioned where they occur. Parametric statistics were used for normally 
distributed data (most analyses); exceptions are noted. Post-hoc comparisons between treatments 
utilized the Tukey-Kramer multiple comparisons test. Linear correlations were conducted on 
normally distributed data using Pearson r; r2 is reported. Differences in frequency of detection of 
microbial analytes were assessed by Chi-square analysis. 
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CHAPTER 3.0 
 


RESULTS 
  


This chapter will summarize the concentrations of indicator and pathogenic 
microorganisms in the untreated, secondary effluent, filtered effluent and disinfected final 
reclaimed water from six facilities. There are a number of approaches for addressing water 
quality in the wastewater and reclaimed water arena however the focus is generally on final 
concentrations in the discharged effluent from the facility. There has been very little focus on 
defining treatment removal goals (eg. should filtration in a reclamation facility achieve 90, 99, or 
99.9% reduction of protozoa?). Thus while removal by the individual processes is of interest and 
will be presented, the major discussion will be centered on the microbial water quality observed 
during this study. Appendix A includes a summary table of arithmetic averages (detection limits 
used to calculate these averages in samples where the constituent was not detected), numbers of 
samples positive and collected as well as percent removal from secondary, filtration and 
disinfection processes at each facility.  


 


3.1  Concentrations of Indicators and Pathogens in Untreated Wastewater 
 The microbial quality of the wastewater influent was fairly consistent among the 
treatment facilities. All traditional and alternative indicators as well as viral and protozoan 
pathogens were above detection limits in all influent samples collected with the exception of 
Clostridium perfringens (detected in 93% of the samples) Cryptosporidium (detected in 74% of 
influent samples) and viruses (detected in 93% of the samples). A comparison of bacterial 
indicator concentrations in the influent to each facility is shown in Figure 3-1 in a boxplot 
format. The box represents 50% of the data values and the horizontal line signifies the median 
value associated with each facility; the 95% confidence interval is shown by the lines that extend 
above and below the boxes and outliers are represented by circles. For all plants, total coliform 
levels ranged from 106 to 107 cfu per 100 mL and fecal coliform levels ranged from 105 to 107 
cfu per 100 mL. Enterococci concentrations ranged from 104 to 106 cfu per 100 mL. 
Concentrations of Clostridium perfringens were more variable with concentrations ranging from 
102 to about 106per 100 mL. There was not a statistically significant difference in the 
concentrations of any of the bacterial indicators among the six treatment plants, with the 
exception of Clostridium perfringens, which was slightly higher on average in Facility C.  


 A comparison of the concentrations of coliphages in the influent to each of the six 
wastewater treatment facilities is shown in Figure 3-2. Concentrations of coliphage15597 ranged 
from 103 to 106 pfu/100mL. The concentrations of coliphage700891 (f-amp) were more variable 
within each plant and ranged from 102 to 108 pfu/100 mL. 


 A comparison of the concentrations of enteric viruses isolated from the untreated 
wastewater is shown in Figure 3-3. Concentrations of enteric viruses (MPN) ranged from about 
102 to 104 MPN/100 L.  


 A comparison of the concentrations of protozoan pathogens (total IFA oocyst and cyst 
counts) in the untreated wastewater is shown in Figure 3-4. In general, concentrations of Giardia 
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in the untreated wastewater sources were about an order of magnitude higher than concentrations 
of Cryptosporidium for each of the facilities tested. Giardia concentrations ranged from about 
102 to 106 cysts/100 L and Cryptosporidium concentrations ranged from 101 to 104 oocysts/100 
L. 
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Figure 3-1. Boxplot Comparison of the Concentrations of Bacterial Indicators Isolated from the Influent to Each of Six 
Wastewater Treatment Facilities (A-F). Facility Descriptions are Given in Table 2-1. 
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Figure 3-2. Comparison of the Concentrations of Coliphages Isolated from Untreated Wastewater from Each of Six 
Wastewater Treatment Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-3. Comparison of Concentrations of Enteric Viruses Isolated from Untreated Wastewater from Each of Six 
Wastewater Treatment Facilities (A-F),  Facility Descriptions are Given in Table 2-1. 
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Figure 3-4.. Comparison of Concentrations of Giardia Cysts and Cryptosporidium Oocysts in Untreated Wastewater 
from Each of Six Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
 
 
 


3.2   Reduction of Indicators and Pathogens Through Biological Treatment 
The biological treatment units in operation at the facilities tested in the project included 


conventional activated sludge (Facilities A-D), biological nitrification-denitrification (Facility 
E), and biological nutrient removal (Facility F). A comparison of the concentrations of indicators 
and pathogens in secondary effluents is given in this section. Key process variables that impact 
removal of indicators and pathogens are discussed. 


 In general, the removals by secondary treatment for bacteria and viruses ranged from 96-
99.9%, with Clostridium and the somatic phage removals ranging from 93.3-99.8% and 13- 
99.9%, respectively. In all the facilities the highest removal of bacteria and viruses was achieved 
in Facility F,  and the lowest removal in Facility C followed by A. The parasite total cysts and 
oocysts were removed by secondary treatment the least by Facilities D and F, respectively and 
the best by Facility E (ranges of 97.7-99.8% removals and 0-99.4% removals for cysts and 
oocysts, respectively).  


 


3.2.1 Concentrations of Indicators and Pathogens in Secondary Effluents 


A comparison of the concentrations of bacterial indicators isolated from secondary 
effluents from the six facilities tested in this study is shown in Figure 3-5. The concentrations of 
total coliform in the secondary effluents from each plant ranged from 102 to 106 cfu/100 mL. 
Fecal coliform concentrations ranged from 101 to 105 with the lowest concentrations associated 
with the biological nutrient removal facility (F). Facility D had the most variability in 
concentrations of indicators in the secondary effluent, perhaps due to contributions from runoff 
during the sampling events. Enterococci levels were similar to fecal coliform levels and median 
values ranged from about 103 cfu/100 mL (biological nutrient removal) to 105 (conventional 
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activated sludge). Clostridium perfringens levels were more variable among the facilities and 
within each facility with concentrations ranging from 10 to 104 cfu/100 mL.  


A comparison of the concentrations of coliphages isolated from secondary effluents is 
shown in Figure 3-6. The concentrations of the coliphage15597 host (somatic and MS) ranged 
from about 10 to 105 pfu/100 mL and were more variable than the concentrations of the 
coliphage700891 f-amp (MS). For the four activated sludge facilities (A,B,C,D), coliphage levels 
were lowest in the secondary effluents from plant F, which has a longer MCRT. 


 


A comparison of the concentrations of enteric viruses isolated from secondary effluents is 
shown in Figure 3-7. The concentrations of viruses ranged from below 10 to about 102 MPN/100 
L  with the highest concentrations of enteric viruses associated with plant C followed by plant B. 
Enteric virus detection limits for the secondary effluent samples ranged from 2.9 to 11 MPN/100 
L, depending on the sample volume processed. The concentrations of enteric viruses in about 
27% of the secondary effluent samples were below detection limits, with nondetects associated 
with all facilities except plant C (shortest MCRT).  
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Figure 3-5. Comparison of Concentrations of Bacterial Indicators Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1.  
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Figure 3-6. Comparison of Concentrations of Coliphages Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-7. Comparison of Concentrations of Enteric Viruses Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
 
 A comparison of the concentrations of Giardia  and Cryptosporidium isolated from 
secondary effluents is shown in Figure 3-8. The values reported are total numbers of cysts or 
oocysts and do not provide information on pathogen infectivity. Concentrations of Giardia 
ranged from below 10 to about 104 cysts/100 L with the lowest concentrations associated with 
plant D. Concentrations of Cryptosporidium ranged from about 10 to 103 oocysts/100 L and were 
similar for all facilities. For Giardia 6% of the samples were below detection limits of 19 
cysts/100 L (Plants A and E). For the Cryptosporidium analyses, 16% of the samples were below 
detection limits which ranged from 13 to 94 oocysts/100 L. The nondetects were associated with 
secondary effluents from plants C, E, and F.  
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Figure 3-8. Comparison of Concentrations of Protozoan Pathogens Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1.  


 


3.2.2 Evaluation of Process Variables 
The biological processes associated with the facilities tested for this project varied in 


terms of MCRT, MLSS, the degree to which nitrification occurred, the extent of nutrient removal 
(nitrogen and phosphorus), and the addition of chemicals to the secondary clarifier. The indicator 
and pathogen data were evaluated in the context of process variables to identify factors that 
influence removal through secondary treatment. A comparison of the concentrations of fecal 
coliforms, enterococci, and enteric viruses in secondary effluent as a function of MCRT is shown 
in Figure 3-9. In general, similar removal patterns were observed for fecal coliforms, 
enterococci, and enteric viruses. Correlation coefficients (r2) for log-transformed concentrations 
of microorganisms vs. MCRT were ~0.5. Organism concentrations decreased with increasing 
MCRT by a factor of 0.13 (fecal coliforms and enterococci) to 0.17 (enteric viruses) times the 
MCRT. For the other biological indicators and pathogens tested in this project, removal or 
secondary effluent concentrations did not correlate to MCRTs.  


A comparison of the secondary effluent concentrations of fecal coliforms, enterococci, 
and coliphage15597 host as a function of MLSS is shown in Figure 3-10. In general, 
concentrations of these indicators decreased with increasing MLSS, perhaps due to the increased 
potential for entrapment in the biological flocs. The correlation coefficient, r2, was 0.5 for the 
enterococci and 0.6 for the fecal coliforms and coliphages. The concentration of the bacterial 
indicators decreased at a rate of -0.006 cfu/100 mL per mg/L of MLSS. The decrease in 
coliphage concentration was about -0.001 pfu/100 mL per mg/L of MLSS. 
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Figure 3-9. Secondary Effluent Concentrations of Fecal Coliforms (cfu/100mL), Enterococci (cfu/100 mL), and Enteric 
Viruses (MPN/100L) as a Function of MCRT. Corelation Coefficients, r2,  for Each Parameter are 0.5. 
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Figure 3-10. Secondary Effluent Concentrations of Fecal Coliforms (cfu/100mL), Enterococci (cfu/100 mL), and 
Coliphage15597 Host (pfu/100 mL) as a Function of MLSS. Corelation Coefficients, r2,  are 0.5 (Enterococci) and 0.6 
(Fecal Coliforms and Coliphage). 
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3.3   Reduction of Indicators and Pathogens Through Filtration 
The types of filters in use at each facility include cloth filters (Facility A), shallow-bed 


sand filters (Facility B), and deep bed filters (mono-media anthracite or sand, and dual media 
(anthracite and sand) (Facilities F, E, C, and D). The concentrations of indicators and pathogens 
in the effluents from the filters are summarized in this section. The impact of process variables 
including hydraulic loading rate and filter depth on reduction of indicators and pathogens is 
discussed. 


 


There has always been a question of whether upstream concentrations of microorganisms 
impact the efficiency of a process or is it primarily influenced by the design and operation. 
Removals at each facility from the average entering the filtration process for each microorganism 
were examined (Appendix A). In this study, there was no indication that those facilities with the 
greatest concentrations coming into the filtration process from secondary had a greater or lower 
removal. Thus design and operations were the predominant factors as expected. Removals by the 
various filters and operations employed were variable. The bacteria were reduced between 74-
99.9%, with the exception of fecal coliform bacteria which were reduced in concentrations in the 
range from 33-99.6% by the six facilities. No specific trend was seen, as no one facility provided 
the greatest removals and another the lowest. In Facility B, chlorine plus filtration did not show 
on average the greatest removal compared to the other facilities. However, it appears from the 
specialized studies that Facility B filters were able to equal the reduction via disinfection and 
inactivation processes of bacteria and viruses because of the predisinfection. When a disinfectant 
is applied prior to filtration, thoseorganism sensitive to the disinfectant will be inactivated to 
some degree, which is reflected as removal by the filter. Inactivation, however, is no the same 
mechanism as physical removal or retention of particles by the filter.  


Coliphage and viruses were removed by filtration at a lower rate, from 0-99.2%, 0-82.9% 
and 46-95.1%, and the parasite removal was also lower, ranging from 61.3-98.9% and 0-99.4% 
for cysts and oocysts reductions, respectively. However in these cases there was a clearer trend 
with depth filters (at Facilities F, followed by C with added coagulation, E and finally D, with 
decreasing order of filter depth) providing the highest average removals. Facility B with 
chlorination impacted coliphage and virus reductions via inactivation and finally Facility A most 
often provided the lowest reductions.  


       


3.3.1 Concentrations of Indicators and Pathogens in Filtration Effluents 
A comparison of the concentrations of bacterial indicators in filtered secondary effluents 


is shown in Figure 3-11. Total coliform concentrations ranged from about 1 to 105 cfu/100 mL, 
with detection limits varying from 0.4 to 0.6 cfu/100 mL. Total coliform levels in about 6% of 
the filtration effluent samples were below detection limits. Mean (log10-transformed) values were 
significantly different by facility (P=0.002); total coliform concentrations at Facility B (which 
practices prechlorination) were significantly lower than those at Facilities C, D, and E 
(nondetects were represented by the detection limit for all of the ANOVA calculations). Similar 
trends were observed for fecal coliforms and enterococci. Mean log10-transformed fecal coliform 
concentrations were significantly different by facility (P=0.009), and fecal coliform 
concentrations at Facility B were significantly different from those at Facilities C, D, and E. Log-
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transormed Enterococcus means were significantly different by facility (P=0.0018), and the 
mean value at Facility B (due to inactivation/prechlorination) was significantly lower than those 
at facilities C and D. Detection limits for fecal coliforms and enterococci ranged from 0.3 to 333 
cfu/100 mL. About 35% of the fecal coliform samples and 16% of the enterococci samples were 
below detection limits. The nondetects were associated with samples from plants A, B, C, and F. 
Slightly different patterns were observed for the other bacterial indicator, Clostridium 
perfringens. Mean concentrations were also significantly different by plant for C. perfringens 
(P=0.0217), but the values that were significantly different were A vs. C and C vs. D. In this 
case, 21% of the filtration effluent samples were below detection limits (ranging from 0.4 to 333 
cfu/100 mL) and the concentration ranged from about 1 to 100 cfu/100 mL in the filtration 
effluents from all plants except plant C.  


A comparison of the concentrations of coliphages isolated from filtration effluents from 
each facility is shown in Figure 3-12. About 20% of the filtered effluent samples were below 
detection limits (5 to 10 pfu/100 mL) with most of the nondetects associated with plants A, D, 
and F. The concentrations of coliphages ranged from about 10 to 104 cfu/100 mL, and log10-
transformed means were significantly different by facility (P=0.013). The highest mean 
concentration was associated with plant C (monomedia anthracite declining rate filter), which 
was significantly greater than values at Facilities D and F. Filtration Facility C achieved on 
average 99.2% and 50.6% removals of the somatic and f-amp coliphage, respectively. Facility C 
had the highest concentrations in the secondary effluent entering the filtration process. 
Prechlorination may have had some minimal impact on the reductions of coliphage by filtration 
but it is difficult to discern as the average reductions were for Facility B were 89% and 61%. 
This impact was clearer for the enteric viruses (see below) 


A comparison of the concentrations of enteric viruses in the filtration effluents from the 
six wastewater reclamation facilities is shown in Figure 3-13. Virus levels ranged from about 1 
to 102 MPN/ 100 L, and mean concentrations (log10-transformed) were significantly different by 
facility (P=0.0001). The mean enteric virus concentration at Facility C was significantly higher 
than that at any other plant. Enteric virus levels in about 42% of the samples were below 
detection limits (0.3 to 8.3 MPN/100L), with some nondetects associated with all six facilities. 
Virus reductions were greatest in Facility B with the prechlorination (95%) and 66% of the 
samples were nondetects due to inactivation as opposed to physical removal. For Facilities C 
(lower loading with coagulation) and D (higher TSS in the effluent, higher loading rates and dual 
media), while virus reductions of 84% and 90% were achieved, 80% and 83% of the virus 
samples were positive. Minimal reductions were achieved at the other facilities.  


A comparison of protozoan pathogen concentrations in the filtration effluents from the 
six wastewater reclamation facilities is shown in Figure 3-14. The concentration ranges for 
protozoan pathogens were similar for all facilities and ranged from about 1 to 103 cysts or 
oocysts/ 100 L. Mean Giardia concentrations were significantly different by facility, as levels at 
Facility A were significantly higher than any other facility. Of all the microbial parameters, only 
Cryptosporidium concentrations were not significantly different in filtered effluent by facility 
(P=0.3578). The concentration of Giardia was below detection limits (3-10.5 cysts/100 L) in 
about 13% of the filtered effluents, whereas the concentration of Cryptosporidium was below 
detection limits (1-11 oocysts/100L) in about 29% of the samples. All samples of filtered 
effluents from plants A, B, E, and F contained detectable levels of Giardia. All filtered effluent 
samples from plant A contained detectable levels of Cryptosporidium. Removals of Giardia 
cysts were 96-98.9% in facilities F, D and C. However, for the smaller oocysts even with 
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coagulant added Facility C performed poorly (8% removal) and Facility F with the dual media 
depth filter with the greatest depth of all the filters performed the best (98.8% removal). The 
filters at the remaining facilities removed less than 60% of the oocysts. 
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Figure 3-11. Comparison of Concentrations of Bacterial Indicators in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-12. Comparison of Concentrations of Coliphages in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-13. Comparison of Concentrations of Enteric Viruses in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-14. Comparison of Concentrations of Protozoan Pathogens in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
 
 


3.3.2 Comparison of Process Variables 
Filtration process variables that are significant include the filter media; use of upstream 


chemicals (oxidants and/or coagulants); hydraulic loading rates; operational variables such as 
filter run times and backwash practices; and water quality variables (turbidity, pH). One facility 
(B) uses prechlorination upstream of filtration, one facility uses a cationic polymer as a filter aide 
(C), and one facility uses a coagulant in the secondary sedimentation basin (F). The use of 
coagulant chemicals helps to increase the removal efficiency associated with filtration by 
modifying the surface characteristics and size of suspended particulates. If the indicators and 
pathogens are associated with other particulates, then removal through filtration is influenced by 
the size and surface characteristics of the bulk particulate matter. Specific data on turbidity and 
particle characteristics associated with each sample event were not available, thus it is not 
possible to analyze all of the potential process variables.  


For the facilities tested in this project, four of the filters contained sand as either the only 
medium or in combination with anthracite in dual media filtration. The size of the sand varied 
among the facilities. The impact of the depth of sand in the filters on removal or indicators and 
pathogens was evaluated. A comparison of the relationship between sand depth and filter effluent 
concentrations is shown in Figure 3-15 for total coliform, enterococci, and Cryptosporidium. For 
these parameters, lower concentrations were associated with increased depth of sand in the 
filters.  


The impact of filter depth on average detected concentrations and log10 reduction of total 
Giardia in the filter effluents from all facilities is shown in Figure 3-16. As shown, improved 
removal was associated with increased depth. Based on pooling the data from all facilities, there 
was an increase of about 0.014 log10 removal per inch of filter media. No trends were observed 
for other indicators or pathogens. 
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Figure 3-15. Impact of Sand Filter Depth on Llog10 Average Detected Concentrations of Total Coliform (cfu/100 mL), 
Enteroocci (cfu/100 mL), and Cryptosporidium(oocysts/100 L) Through Secondary Effluent Filtration from Either 
Monomedia- or Dual-media Filtration with Sand. The correlation coefficients, r2, are 0. 6 for total coliform and 0.8 for 
enterococci and Cryptosporidium.  
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Figure 3-16. Impact of Nominal Filter Depth on Average Detected Concentrations and Log10 Reduction of Giardia in 
Effluents from Cloth Ffilters, Monomedia- (sand or anthracite) and Dual-media Filters of Varying Depths. The correlation 
coefficient, r2, is 0.5. 
 


A comparison of the average log10 reduction associated with filters that contain sand and 
the depth of sand is shown in Figure 3-17. There was an increase of about 0.03 log10 reduction of 
Cryptosporidium and about 0.05 log10 reduction of total coliforms per inch of sand. The graph 
does not include nondetected values. No correlations were observed for other indicators or 
pathogens tested in this project.  
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Figure 3-17. Impact of Sand  Filter Depth on log10 Reduction of Average log Reduction of Total Coliform and 
Cryptosporidium through Secondary Effluent Riltration from either Monomedia or Dual Media Filtration with Sand. The 
Correlation Coefficients, r2, are 0. 8 for Total Coliform and 0.9 for and Cryptosporidium. 
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The other filtration process variable that was evaluated in this project was hydraulic 
loading rate. Hydraulic loading rates varied from less than 1 for the automatic backwashing filter 
(Facility B) to over 5 gpm/ft2 for the cloth filter (Facility A). A comparison of log10 reduction for 
all indicators and pathogens as a function of hydraulic loading rate is shown in Figure 3-18. Due 
to the wide range of operating conditions associated with the various filters, no strong 
correlations were observed for any of the individual microorganisms and hydraulic loading rates. 
Data are presented in Figure 3-19 for detected concentrations of total coliforms, fecal coliforms 
and enterococci in dual media filtration effluents. Higher concentrations of microorganisms were 
associated with higher hydraulic loading rates used in Facilities D and some extent E followed 
by F,   with r2=0.6 for total coliforms, 0.8 for fecal coliforms, and 0.6 for enterococci. No strong 
correlations were observed for other indicators and pathogens. 
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Figure 3-18. Comparison of log10 Reduction for Detected Concentrations of Indicators and Pathogens as a Function of 
Hydraulic Loading Rate for the Six Wastewater Reclamation Facilities Tested in this Project. 
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Figure 3-19. Comparison of Concentrations of Detected Concentrations of Bacterial Indicators (cfu/100 mL)  in Dual-
Media Filtration Effluents from Two Wastewater Reclamation Facilities (D & F) as a Function of Hydraulic Loading Rate. 
Correlation Coefficients, r2, are 0.6 for Total Coliform,  0.8 for Fecal Coliform and 0.6 for Enterococci. 
 


3.3.3  Impact of Filter Run Time and Prechlorination on Removal/Inactivation of     
 Indicators 


Intensive studies were conducted of the filtration process at Facilities B, C, and F. The 
intensive studies provided a means to compare the influence of filter media, run time, and 
upstream chlorination on removal of bacteria. A comparison of plant C (monomedia anthracite) 
and plant F (dual media anthracite and sand) is shown in Figure 3-20. As shown, the 
concentrations of indicator bacteria in the effluent from the anthracite media were consistently 
higher than the concentrations in the dual media effluent over the course of the filter runs and 
there were minimal variations in bacterial concentrations. Filter runs at Plant C are typically 48 
hours and at Plant F are about 168 hours (see Table III-1). The data shown here represent the 
early stages of a filter run. The bacteria and coliphage levels were consistently higher in the 
secondary effluent in Facility C as compared to Facility F, and the removals by the filters 
averaged 99.65% compared to 97.7% for fecal coliforms, 76.9% compared to 90.7% for 
Enterococci and 99.2% compared to 46.5% for the somatic coliphage15597 and 50% compared to 
46% for the famp coliphage700891. Facility C did utilize coagulation which may have aided in the 
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greater removal of the somatic coliphage and the removals were greater with the anthracite for 
fecal coliform bacteria but was less with the round spherical enterococci.  


In this case upstream processes (reduction of levels by secondary) and operations as well 
as design influenced the final water quality emerging from these two filters for different classes 
of indicators.  
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Figure 3-20. Comparison of the Concentration of Indicator Organisms in the Effluent from Anthracite Filters (Facility C) 
and Dual Media Filters (Facility F) During a Single Filter Run. Testing Conducted in Summer 2002.  
 
 
 A comparison of the effects of prechlorination on bacterial concentrations is shown in 
Figure 3-21. For fecal coliform and enterococci, there was a statistically significant difference in 
the concentration of bacteria with and without prechlorination. However, there was less of an 
impact on C. perfringens, perhaps because it is less susceptible to chlorine than the other bacteria 
assayed (Sobsey, 1989).  
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Figure 3-21. Comparison of the Concentration of Indicator Organisms in the Effluent from Shallow Sand Traveling 
Bridge Filters (Facility B) Operated With and Without Prechlorination. Testing Conducted in June 2002.  
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3.4 Reduction of Indicators and Pathogens Through Disinfection 
The final treatment stage in the production of reclaimed water is disinfection. Five of the 


six facilities sampled during this project use chlorine disinfection and one (E) uses UV 
disinfection. Of the five facilities that use chlorine, one facility (F) practices nutrient removal and 
therefore has minimal ammonia available for reacting with the chlorine. The other four facilities 
(A, B, C, and D) do not routinely remove ammonia, thus the disinfection is most likely 
dominated by chloramines. The contact time available for disinfection varies among the 
treatment facilities and also with flow rates associated with each sampling event. 


3.4.1  Concentrations of Indicators and Pathogens in Disinfected Effluents 


A comparison of the concentrations of bacteria in disinfected effluents is shown in Figure 
3-22. Median concentrations of total coliforms ranged from about 0.3 to 10 cfu/100 mL, while 
fecal coliforms, enterococci, and Clostridium perfringens averaged about 1 cfu/100 mL. The 
highest concentrations of total coliforms were associated with disinfected effluents from Facility 
E (UV disinfection) and the highest average concentrations of fecal coliforms and enterococci 
were associated with Facilities D and E. The highest concentrations of Clostridium perfringens 
were associated with Facility C. Keeping in mind that larger volumes than the routine 100 ml 
were tested, the Total coliform levels were below detection limits (0.3 to 1 cfu/100 mL) in about 
37% of the disinfected effluent samples. Fecal coliforms and enterococci were below detection 
limits (0.3 to 1 cfu/100 mL) in about 73% of the samples, and Clostridium perfringens was 
below detection limits in about 39% of the samples.  


In meeting the standard of <1 fecal coliform bacteria/ 100 ml, facilities A, B, C and F 
would have done so 100% of the time and Facilities D and E would have done so only 66% and 
33% of the time. Only Facility C would have met the standard of <1 total coliform bacteria 
/100ml in 75% of the samples collected. The other facilities had greater than that level in 40-80% 
of the samples collected.  


A comparison of concentrations of coliphages in disinfected effluents is shown in Figure 
3-23. Coliphages were below detection limits (5-10 pfu/100 mL) in about 55-62% of the 
samples. Detected concentrations ranged from 1 to 100 pfu/100 mL with the highest 
concentrations associated with Facility C. 


Concentrations of enteric viruses in disinfected effluents are compared in Figure 3-24. 
Enteric viruses were below detection limits (0.3 to 1.5 MPN/100L) in 69% of the samples. They 
were not detected in this study in the disinfected effluent from Facility E (UV) and  Facility B 
(prechlorination of filter) rarely in D. In most cases, the detected concentrations of enteric 
viruses were below 1 MPN/100L.  


 A comparison of the concentrations of total Giardia and total Cryptosporidium are shown 
in Figure 3-25. The concentration of Giardia was highest in effluents from plant A and similar 
for the other facilities with median levels around 1 cyst/100 L. The concentration of 
Cryptosporidium was highest in facilities C and D. Giardia concentrations were below detection 
limits (1.8-5.2 cysts/100 L) in 17% of the disinfected effluent samples. Cryptosopridium 
concentrations were below detection limits (2-6.9 oocysts/100 L) in 30% of the disinfected 
effluent samples. 
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Figure 3-22. Comparison of Concentrations of Bacterial Indicators in Disinfected Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-23. Comparison of Concentrations of Coliphages in Disinfected Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-24. Comparison of Concentrations of Enteric Viruses in Disinfected Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-25. Comparison of the Concentrations of Total Counts of Giardia  (cysts/100L) and Cryptosporidium  
(oocysts/100L) in Disinfected Effluents from Each of Six Wastewater Reclamation Facilities. Facility Descriptions are 
Given in Table 2-1. 
 


3.4.2  Impact of Process Variables on Removal of Indicators and Pathogens 
 Through Disinfection 


 The effectiveness of disinfection is impacted by a number of process variables including 
disinfection dose, contact time, temperature, and water quality variables (pH, turbidity, presence 
of ammonia, oxidant demand). Due to the design of this study and data limitations, not all 
process variables could be evaluated. A comparison of the impact of contact time and log10 
reduction of enterococci and enteric viruses is shown in Figure 3-26. As would be expected, 
increased removal is associated with longer chlorine contact times. The slopes for the two lines 
are similar with an increase of about 0.006 log10 reduction per additional minute of contact time.  


 A comparison of the impact of secondary effluent ammonia levels on the detectable 
concentrations of enterococci and fecal coliforms is shown in Figure 3-27. For these indicators, 
higher levels of ammonia were associated with higher enterococci concentrations in the 
disinfected effluents. 


 One of the facilities tested during this study uses UV disinfection (Facility E in Table 2-
1). The UV disinfection system (Trojan UV4000) consists of two UV reactors in series. Each 
reactor contains two banks of medium pressure, mercury vapor hot cathode-instant start lamps 
with eight modules per bank and eight lamps per module (256 lamps per UV channel). Each 
channel can treat an average flow of 8 MGD and a peak flow of 14.4 MGD. The reactors have a 
horizontal lamp configuration and the flow is parallel to the lamps. The lamps are enclosed in 
cylindrical Type 214 quartz sleeves which allow 89% UV transmittance. The intensity of the 
medium pressure lamps is adjusted based on UV transmittance and turbidity. A comparison of 
filtered turbidity and log10 reduction of total coliform, fecal coliform and Giardia is shown in 
Figure 3-28. As shown, higher levels of turbidity are associated with decreased removal of the 
indicators. For the total and fecal coliform, the log10 reduction decreased about 0.5 per unit of 
turbidity (NTU). The Giardia numbers represent total counts and do not reflect infectivity but 
just like turbidity are an indicator of the effectiveness of the filter process prior to disinfection. 
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Figure 3-26. Impact of Chlorine Contact Time on log10 Reduction of Enterococci (r2=0.6) and Enteric Viruses (r2=0.7). 
Data Plotted Represent Samples that had Detectable Levels of Each Parameter. 
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Figure 3-27. Comparison of Impact of Secondary Effluent Ammonia on Detectable Concentrations of Enterococci 
(r2=0.7) and Fecal Coliforms(r2=0.8)  in Disinfected Effluents. 


3-26  
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Figure 3-28. Comparison of Filtered Effluent Turbidity on Concentrations of Total Coliform, Fecal Coliform and Giardia  
Through UV Disinfection. Correlation Coefficients, r2, are 0.5 for Total Coliform and Giardia and 0.9 for Fecal Coliform. 
 


3.5 Protozoan Pathogen Viability 
 Specialized tests were conducted to evaluate the patterns of viability associated with 
monitoring of protozoan pathogens. Giardia viability was tested using fluorogenic dyes. 
Cryptosporidium viability or infectivity was tested using an additional culturing step. 


3.5.1 Giardia Cyst Viability 


 The inclusion or exclusion of the fluorogenic dyes 4’-6-diamidino-2-phenylindole 
(DAPI) and propidium iodide (PI) has been used as a marker of intact membranes in waterborne 
Cryptosporidium and Giardia and as an indicator of the presence of internal features such as 
nuclei (Schupp and Erlandsen, 1987; Campbell et al., 1992). PI is capable of passing through 
only damaged cell membranes, and intercalates with the nucleic acids of injured and dead cells to 
form a bright red fluorescence complex (Sauch et al., 1991). DAPI is an AT-selective DNA 
stain, which causes a 20-fold enhancement in fluorescence when binding to DNA occurs.  


 The fluorogenic vital dye assay or dye permeability assay tests the differential uptake of 
the fluorochromes 4’-6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) and thus 
those cysts that take in PI are considered nonviable.   


In this project, the combined use of PI and the fluorescein labeled detection method was 
applied for identifying Giardia cysts. When DAPI was used alone and with FITC labeled 
antibodies, two population of cysts were observed: (i) cysts with two or four blue dots (DAPI+) 
when observed under fluorescent microscopy with the UV filter block, suggesting that intact 
nuclei of the trophozoites were stained with the fluorochrome. The same population presented 
internal morphological characteristics typical of Giardia when viewed under DIC microscopy 
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(peritrophic space, axonema); (ii) cysts presenting an apple green fluorescence when viewed 
with the blue filter block; these cysts did not show any internal morphological characteristics 
under DIC microscopy. No spikes, stalks, appendages, pores, large nuclei filling the cell, red 
fluorescing chloroplasts, crystals or spores were observed, therefore these apple-green 
fluorescing objects were considered as empty Giardia cysts. 


 When PI was used alone and with FITC labeled monoclonal antibodies, two populations 
were observed: i) cysts which included PI staining (PI+) and looked bright red with two or four 
visible internal nuclei when examined with the green filter block and with an external apple 
green fluorescence along with a reddish color diffused into the cyst when examined with the blue 
filter block ii) cysts with an external apple green fluorescence when examined with the blue filter 
block but empty and with no internal morphological characteristics when examined under DIC.  


 In tests in which DAPI and PI were used with FITC,  four populations were observed: i) 
the same type of cysts stained bright red with two or four visible internal nuclei when examined 
with the green filter block (PI+) and with an external apple green fluorescence along with a 
reddish color when examined with the blue filter block, ii) empty cysts (DAPI-, PI-); (iii) very 
low numbers of cysts including PI into their nuclei only, (iv) a very reduced number of cysts 
showing a diffuse DAPI staining that were PI-. 


 It appears that both DAPI and PI provide an additional confirmatory step to determine the 
presence of Giardia cysts in wastewater samples and to distinguish the protozoan parasite from 
other nontarget organisms that can be recovered during sample collection and 
concentration/purification  procedures. Some researchers have reported that the exclusion of the 
fluorogenic dye PI provides a general determination of living cells with intact cell membranes 
(Shupp and Erlandsen, 1987). In this study, none of the cysts that excluded either PI alone or the 
fluorochromes DAPI/PI showed internal morphological characteristics of Giardia cysts when 
viewed under DIC, therefore these cysts were considered as empty cysts. Jenkins et al., (1997) 
consider that the dye permeability assay provides an economical method to determine viability 
and potential infectivity, although the estimate may be conservative. The effect of the acid 
treatment during immunomagnetic separation was not tested in this project.  


 In the second year of the study PI and DAPI were incorporated into the protocol for IFA. 
The percentage of Giardia cysts that were DAPI+/PI- indicating viability in the total population 
of cysts were as follows: For Facility A, 9.1%, 1.5%, 4.7%, and 2.4% of the cysts were viable in 
untreated sewage, secondary effluent, filtered effluent and disinfected final reclaimed effluent, 
respectively. For Facility D, 4.3%, and 3.2% of the cysts were viable in untreated sewage and 
final disinfected final reclaimed effluent, respectively [none were detected in secondary and 
filtered] and for Facility E, 1.2% and 2.8% of the cysts were viable in untreated sewage and 
secondary effluent, respectively[no cysts detected in filtered effluent and disinfected final 
reclaimed effluent].  


  


Viable Giardia Cysts were detected in two of the facilities' disinfected effluent (A and D) 
and the data indicate that little reduction of "viability" is achieved through treatment. It should be 
kept in mind that the DAPI/PI can not be used to indicate viability after UV disinfection. 


 A comparison of the concentration of detected DAPI/PI- Giardia cysts and total detected 
Giardia cysts is shown in Figure 3-29 (n=8). While the number of positive samples is low, this 
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relationship suggests that removal of Giardia cysts through the treatment steps tested in this 
project (biological treatment, filtration, and disinfection) is not impacted by cell viability. 
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Figure 3-29. Comparison of the Concentration of Detected DAPI/PI- Giardia Cysts and Detected Concentrations of Total 
Giardia Cysts from Different Stages of Treatment and DifferentTreatment Facilities. The Correlation Coefficient for the 
Relationship is 0.8. 
 


3.5.2 Crytosporidium Oocyst Viability 


 Use of U.S. EPA Method 1623 for detection of Cryptosporidium oocysts does not permit 
determination of oocyst viability or infectivity. Testing for the presence of viable or infectious 
oocysts in the final effluent is important for uses of reclaimed water where ingestion is expected 
to occur. If the oocysts are not viable or infectious, health risks from exposure to 
Cryptosporidium oocysts are minimal. However, if the disinfection process fails in inactivating 
oocysts, viable oocysts may be released to the environment in the reclaimed water. In this study 
the use of cell culture methods were used to determine the concentrations of infectious oocysts.  


In facilities A, B, C, D, E, and F, infectious oocysts were detected in 20%, 40 %, 0%, 
33%, 0%, and 50% of the final reclaimed water effluent samples, respectively. Levels ranged 
from 2.5-8 oocysts/100L. While it is suspected based on the literature that uv disinection 
employed in Facility E would inactivate the oocysts, many more samples would need to be 
collected and assayed to prove this statement in a full-scale facility. 


A comparison of the number of infectious Cryptosporidium oocysts (MPN•100 L-1) and 
total Cryptosporidium oocysts (oocysts •100 L-1 ) is shown in Figure 3-30 for data sets in which 
both measurements were above the detection limits (n=15). The proportion of infectious oocysts 
is relatively consistent in the influent samples, but the relationship is more difficult to distinguish 
after the filtration treatment step due to low limits of detection and limited positive samples. For 
the pooled data from all plants, the empirical relationship for the infectious oocysts in the 
influent and secondary effluent can be modeled as (r2=0.8):  


Infectious oocysts = 1.46*(total oocysts)0.8 
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There was no observed correlation between infectious and total oocysts in the filtered effluents 
and disinfected samples (n=7) (r2=0.006). In three of the samples about 100% of the oocysts 
detected by IFA were found to be infectious and four other sample comparisons showed that less 
than 10% of the total oocysts were infectious.  
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Figure 3-30. Comparison of Detected Levels of Infectious Oocysts and Total Oocysts from 
Samples of Untreated, Secondary Effluent, Filtered Effluents, and Disinfected Effluents from Six 
Wastewater Reclamation Facilities. 
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CHAPTER 4.0 
 


DISCUSSION: ANALYSIS OF  
INDICATORS AND PATHOGENS 


 


 Typically, indicator organisms total and fecal coliform bacteria concentrations are the 
only monitoring tool used to assess the microbial safety of reclaimed water. Utilities and 
regulatory agencies rely upon the assumed predictive relationship between indicator organism 
and pathogen survival/transport through wastewater treatment to ensure that the reclaimed water 
is safe for public use. While it is impossible to test reclaimed waters for all possible pathogens, it 
is important that the indicator organism(s) used to ensure water quality should be correlated with 
a broad variety of waterborne pathogens, i.e. bacteria, viruses and protozoa. 


 Six wastewater treatment plants that produce reclaimed water were each sampled at least 
four times over the course of this project. The levels of indicator organisms detected in the 
reclaimed water produced by each of the facilities are all within the permit requirements for each 
facility (total or fecal coliforms). Because sampling for this project was limited to peak flow 
conditions, the data provide a conservative perspective on the capacity of each facility for 
pathogen reduction. 
 


4.1  Patterns of Detection and Non-detection 
 A comparison of the percent of samples that contained detectable levels of indicators is 
shown in Figure 4-1. Over 80% of all influent, secondary, and filtration samples contained 
detectable levels of total and fecal coliforms and enterocci. Following disinfection, the most 
persistent indicators were total coliform and Clostridium perfringens which were present in over 
60% of the samples. Fecal coliforms were below detection levels in all disinfected effluent 
samples from plants B and C, and both coliphage indicators were below detection levels in the 
final effluent from the facility that uses UV disinfection (E). Total coliforms were above 
detection limits for all final effluent samples from the two facilities that have nitrogen removal 
(E and F), whereas Clostridium perfringens was above detection limits in all samples from the 
facility with the longest chlorine contact time (C). It should be noted that larger sample volumes 
for coliforms in effluent samples were used in this study compared to routine monitoring that is 
conducted for wastewater reclamation facilities, resulting in lower detection limits. Lower limits 
of detection were used for coliphage (10ml samples volumes). Fecal coliforms and enterococci 
were detected in less than half of the samples and were apparently most sensitive to treatment of 
all the indicators evaluated. 
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Figure 4-1. Comparison of the Influence of Treatment on Detection of Indicators from Untreated and Treated Wastewater 
at Six Wastewater Reclamation Facilities. 
 
 A comparison of the patterns of detection associated with pathogens tested in this project 
is shown in Figure 4-2. As shown, all untreated wastewater samples contained detectable levels 
of enteric viruses and Giardia, whereas about 30% of the final effluent samples contained 
detectable levels of enteric viruses. All samples of disinfected effluents from plants B 
(prechlorination of filter) and E (UV disinfection) did not contain detectable levels of enteric 
viruses. The limits of detection associated with quantification of Giardia and Cryptosproridium 
varied with sample location, therefore patterns of detection/nondetection tended to be less 
consistent and did not correspond to removal patterns for any of the indicators. Giardia were 
detected in over 80% of the disinfected effluent samples, with the highest frequency of non-
dectection associated with the biological nutrient removal facility (plant F). Viable 
Cryptosproridium were not detected in any of the disinfected effluents from plant A (cloth filter), 
C (longest chlorine contact times), or E (UV disinfection).  
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Figure 4-2. Comparison of the Influence of Treatment on Detection of Indicators from Untreated and Treated Wastewater 
at Six Wastewater Reclamation Facilities. 
 


 No direct correlations were observed between combination of indicator(s) and 
pathogen(s) for the data collected through this study, however, correlations were observed 
among the indicators. A comparison of detected levels of total and fecal coliform is shown in 
Figure 4-4. While total coliforms tend to be more persistent than fecal coliforms, when fecal 
coliforms are above detection limits, there is a consistent relationship through each treatment 
step. 


 A comparison of the detected levels of fecal coliform and enterococci is shown in Figure 
4-3. Fecal coliforms were below detection limits in all disinfected effluent samples from plants B 
and C, while enterococci were below detection limits in all disinfected effluent samples from 
plant A. Both indicators were only codetected in one sample from plant D and four samples from 
plant F. When both indicators were codetected there was a consistent relationship between their 
detected concentrations.  
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Figure 4-3. Comparison of Detected Levels of Total and Fecal Coliforms in Samples of Untreated Wastewater, 
Secondary Effluent, Filtration Effluents, and Disinfected Effluents from Six Wastewater Reclamation Racilities. The 
Correlation Coefficient, r2, is 0.9 and the Slope of the Line is 0.9. 
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Figure 4-4. Comparison of Detected Levels of Enterococci and Fecal Coliforms in Samples of Untreated Wastewater, 
Secondary Effluent, Filtration Effluents, and Disinfected Effluents from Six Wastewater Reclamation Facilities. The 
Correlation Coefficient, r2, is 0.9 and the Slope of the Line is 1. 
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 Bacteriophages have been suggested as alternative indicator organisms for enteric viruses 
as their morphology and survival characteristics resemble some of the enteric viruses (Turner 
and Lewis, 1995). Havelaar et al., (1993) showed that for monitoring purposes F-specific 
coliphages can serve as surrogates of human pathogenic enteric viruses in ambient waters. In this 
study a comparison of detected levels of coliphages and enteric viruses in samples of disinfected 
effluents with a variety of effluent qualities from all six facilities tested is shown in Figure 4-5. 
While no correlation between the numbers of coliphages and enteric viruses was found 
(coliphages can not be used to correlate to the levels of enteric viruses), it may be that one can 
predict the absence of enteric viruses and based on the data, as levels less than 10 
coliphage/100ml were indicative of effluents with no detectable cultivatable enteric viruses. 
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Figure 4-5. Scatter Plot of Detected Coliphage Concentrations (PFU•100 mL-1) vs. Detected Enterovirus Concentrations 
(MPN·100 L-1) in the Final Effluent from Six Wastewater Treatment Plants (n=8).. (◊ – Coliphage with E. coli ATCC 
700891 as Host and □ – Coliphage with E. coli ATCC 15597 as Host). 
 


 


4.2   Reduction of Indicators and Pathogens Through Wastewater Treatment 
 The persistence of bacteria, viruses, and protozoa is related to the initial concentration of 
each microbial species and the cumulative effectiveness of each sequential treatment step. Each 
successive treatment step (biological treatment, filtration, and disinfection) has the potential to 
reduce the concentrations of indicators and pathogens, depending on the wastewater 
characteristics, flowrate, operating conditions, and the overall treatment performance. If the 
treatment system is highly effective, the concentrations of indicators and pathogens may be 
below detection limits.  
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 A comparison of the log10 reduction of indicators and pathogens from all facilities is 
shown in Figure 4-6. Data from all facilities were pooled and nondectected concentrations were 
reported as detection limits. As shown, for all cases except Cryptosporidium, biological 
treatment was effective for about 2 log10 reduction. Filtration was effective for about 0.3 to 1 
log10 reduction for most of the measured parameters with higher removals associated with total 
and fecal coliforms and enterococci. Similar trends were observed for disinfection, however, the 
impacts of disinfection on protozoan pathogens are harder to elucidate since the monitored levels 
of Giardia and Cryptosporidium include total cysts or oocysts and do not reflect viability.  
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Figure 4-6. Mean log10 Reduction of Bacterial Indicators (cfu 100 mL-1), Coliphages (PFU 100 mL-1), Enteric Viruses 
(MPN 100 L-1), and Protozoa (Cysts or Oocysts 100 L-1) through Biological Treatment, Filtration, and Disinfection for 
Six Wastewater Reclamation Facilities. Error Bars Reflect Standard Deviation for each Indicator Through all Treatment 
Stages. 
 


 These results indicate that the proportion of samples containing pathogens is not 
consistent with the proportion of samples containing indicator organisms and thus indicator 
organism persistence was not an accurate predictor of the presence of pathogens in the final 
effluent samples across all six wastewater treatment plants.  


4-6  







  


CHAPTER 5.0 
 


RECOMMENDATIONS AND CONCLUSIONS 
 


5.1 Water Quality 
  


♦ The concentrations of the traditional bacterial indicators (total and fecal coliforms), 
alternative indicators (Enterococci, coliphage) and pathogens were fairly consistent in all 
influents of the six treatment facilities and were not significantly different among the 
facilities (and were found at the most frequent and highest concentrations compared to 
post-treatment). Thus levels entering each facility did not ultimately influence the final 
water quality, which was influenced by processes, upstream to downstream, operations 
and design. 


♦ Many wastewater treatment facilities are permitted to produce effluent that contains <1 
fecal coliform bacteria/ 100 ml. Facilities A, B, C and F met this level in100% of 
disinfected effluent samples, while facilities D and E did so for only 66% and 33% of the 
samples. Only Facility C would have met the level of <1 total coliform bacteria /100ml 
in 75% of the samples collected. The other facilities had higher levels in 40-80% of the 
samples collected.  


♦ Cultivatable enteric viruses and protozoan pathogens (Giardia, Cryptosporidium, total 
cysts and oocysts) were detected in untreated wastewater from all six facilities. 
Cultivatable enteric viruses were detected in 31% of the final effluent samples and were 
not detected in any of the samples from facilities B and E. Protozoan pathogens were 
detected in some of the effluent samples from all six facilities: Giardia cysts were 
detected in 79% of the final disinfected effluent samples while Cryptosporidium  oocysts 
were detected in 39% of the final reclaimed effluents. Infectious Cryptosporidium 
oocysts were detected in 30% of the final reclaimed effluents and in four of the six 
facilities. 


♦ About 10-30% of the Cryptosporidium oocysts remained infectious as determined via cell 
culture through biological treatment, filtration, and disinfection. Giardia cysts also 
remained viable (1-3% of the total IFA count) according to PI exclusion and DAPI 
inclusion. Infectious oocysts were not detected in any of the UV disinfected effluent 
samples,( detection limits of 2/100 L). 


♦ The production of reclaimed water using secondary activated sludge processes, filtration 
and disinfection is not universally effective for removal of pathogens. Viruses ranged in 
concentration from 0.3 to 3.3 MPN PFU/100L, Giardia cysts ranged from 6 to 390/100 L 
and Cryptosporidium ranged from 4.6 to 114 oocysts/100 L in reclaimed water. 
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♦ Inefficiencies in secondary treatment and sedimentation result in a higher microbiological 
loading on filtration and may impact the effectiveness of filtration and disinfection for 
reduction bacteria, viruses, and protozoa.  


♦ If coliform bacterial concentrations are used to assess microbiological water quality, 
facilities B and C outperformed  the other facilities, while facilities A and F had 
intermediate performance, with D and E ranked as having the highest concentrations of 
these indicators. However, if detection of coliform bacteria is coupled with monitoring of 
enterococci, Clostridium and coliphage, Facilities F and E  outperformed the other 
facilities, while A and B ranked in the middle and Facilities C and D had the highest 
frequency of detection of indicators at the detection limits used in this study. 


♦ Based on the viruses, Facilities B, C, and E ranked as having the best water quality, D 
and F ranked in the middle and Facility A had the poorest quality. Based on Giardia 
cysts, Facility F had the best water quality, Facility F along with E and B also ranked the 
best based on Cryptosporidium oocysts. Facilities B, D, and E compared to A and D 
ranked in the middle for cysts and oocysts and Facilities A and C had the poorest water 
quality for cysts and Facility C based on oocysts.  


♦ The use of traditional indicators as monitoring tools would not have identified the 
potential presence of pathogens in Facilities A and C.  


5.2 Operations and Design 
 The data obtained in this study represented only six samples from each facility at each 
site after the treatment processes. Thus while this study represents the most comprehensive one 
of its type carried out to date, much more data are necessary to confirm the trends and results that 
have been observed here. The effluent quality  for bacteria, coliphage, viruses and Giardia cysts 
from the different facilities was shown to be statistically significantly different, as the 
concentrations in the influent were not statistically different, this difference can be related to 
removal by the processes.  


♦ Operation of biological treatment with higher levels of MLSS and longer MCRTs tended 
to result in increased removal of microbial indicators and pathogens. 


♦ Prechlorinated shallow sand (effective size: 0.6 mm) filters were more effective than 
deep bed dual media (anthracite and >1 mm sand) or monomedia (anthracite or sand) 
filters for removal of bacterial indicators and viruses.  


♦ Hydraulic loading and filter depths impacted removal of some of the indicators, with 
improved removal associated with lower hydraulic loading rates (0.6-2gpm/ft2) and 
deeper filters (1-1.8m).  


♦ UV inactivation (Facility E) of bacteria and coliphage indicators removed 92 to99% of 
these organisms but was not as effective as the extended contact times with chlorine 
which achieved 99.9-99.99% inactivation (Facilities C and B).  


♦ Overall, Facility C with shortest MCRTs, anthracite monomedia filtration, and lowest 
range of chlorine residuals had the poorest finished water quality with respect to 
Cryptosporidium, coliphage, enterococci and Clostridium. This was despite the fact that 
the facility had the longest chlorine contact times.  
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♦ Facility A had the poorest finished water quality in regard to viruses and Giardia (poor 
removal of cysts). This facility had a cloth filter, highest loading rate and lowest range of 
chlorine contact times. 


♦ Facilities D and E had the worst finished water quality in regard to total and fecal 
coliform bacteria. The UV disinfection at Facility E was ineffective at achieving the 
coliform standards of nondetects for the bacterial indicators although it appeared to be 
effective against the viruses and should have been effective based on design against the 
parasites. Facility D had poorer removal by the filtration but similar disinfection contact 
time as Facility A (which was the lowest of all facilities) thus producing a final water 
quality with greater concentrations of bacteria.  


♦ Facility F produced the best overall microbial quality with the longest retention times, 
deepest filters (dual media), least amount of ammonia impacting disinfection (70-90 min. 
contact times with 4-6mg/L of residual chlorine) for parasites, viruses, and indicators. 
Despite this, viruses and infectious Cryptosporidium were still detected.  


♦ The longer chlorine contact times in Facility B (due to prechlorination of the filter) and 
Facility C likely contributed to reductions of the viruses in those facilities and may be 
needed to achieve nondetectable levels of cultivatable viruses in the reclaimed water 
effluent  (using current methods for virus detection). 


♦ A high percentage of reclaimed water samples were positive for IFA total counts of cysts 
and oocysts, and some were positive for infectious Cryptosporidium. A rigorous risk 
assessment should be conducted to determine whether other barriers to reduce viable 
protozoa are needed.  


  


 Reclaimed water facilities can be designed and operated to produce a high water quality. 
Greater attention needs to be focused on improved secondary treatment in new facilities with 
longer retention and greater solids control. Filtration should be designed with greater media 
depths, however operationally efficiency can be improved with coagulation and prechlorination, 
which will enhance filtration/retention and inactivation, respectively. Finally, disinfection is 
effected by the upstream processes, chlorination and UV combinations provide barriers against 
viruses, bacteria and protozoa. Extended contact times improve reductions of viruses and 
bacteria and UV disinfection should be effective against the protozoa. Reclaimed facilities may 
take the secondary effluent from existing facilities without regard to microbial water quality. 
This study has demonstrated that the practice should be to monitor and examine indicators, 
alternative indicators, viruses and parasite in the effluent first. Then while it may be impossible 
to change the secondary treatment, greater attention can be paid to the designs and operations 
used for filtration and disinfection and their optimization given the quality of the effluent from 
the sewage treatment plant. Predisinfection to enhance virus and bacteria inactivation may be 
needed at reclaimed facilities that have little opportunity to change other design parameters.  


 Based on this study, it is evident that increased monitoring for alternative indicators and 
pathogens is warranted to build a better data base on the occurrence and reductions of enteric 
bacteria, viruses and parasites in reclaimed water. Finally the authors of this report believe that 
more discussion should be undertaken regarding the efficacy of process requirements versus 
water quality goals for reclaimed water at the national level. Reclaimed water as monitored in 
this study in Arizona, California, and Florida is not pathogen free and exposure of the public to 
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these waters carries some risk, albeit this level may be very low and quite acceptable to most 
populations. Integration of microbiological monitoring with control factors associated with 
process design and operations may lead to a more robust approach for assuring the safety of 
reclaimed water.  
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CHAPTER 6.0 
 
 


RECOMMENDATIONS FOR FURTHER RESEARCH  
 
 


♦ More research is needed in detailing the removal of bacteria, parasites, and viruses by 
wastewater and reclaimed water facilities at the full-scale to examine the uncertainty and 
variability associated with the monitoring methods, quality of influents, treatment 
processes, seasonality, designs, and operations.  


♦ While in theory UV disinfection was designed to inactivate the bacteria, Facility E with 
UV disinfection performed the poorest for coliform bacteria reductions. More work needs 
to be done on full-scale monitoring of UV systems. Adenoviruses are the most resistant 
to UV disinfection and are found in high concentrations in sewage, therefore wastewater 
treatment with UV should include an assessment of Adenoviruses in the future.  


♦ For most waterborne pathogenic microorganisms, historical databases on occurrence in 
water do not exist or there are few. For example, all of the microorganisms on the U.S. 
EPA’s “Contaminant Candidate List” require a database for an assessment on exposure to 
be adequate. Of the 13 possible organisms on the CCL, nine are associated with sewage 
and monitoring should be undertaken.  


♦ More work should be focused on hydraulic retention and filter loading rates. 


♦ Genetic characterization of Cryptosporidium as well as the bacteria should be undertaken 
for identification of key markers that could be used for source tracking in the future. 


♦ There is a need for a practical measure of Giardia cyst viability, as the cysts are there in 
higher concentrations than often the viruses or oocysts, the ability to determine 
inactivation by disinfection is needed.  


♦ The changes in water quality after treatment via storage and distribution and the need for 
monitoring water quality at the site of application should be evaluated.  


♦ While some facilities/processes did not perform as well as others (shallow bed filters), 
there should be an assessment of whether these systems can change operations or need to 
be reconfigured.  
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Table 1. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in untreated wastewater from treatment facilities A-F. 


INFLOW
Total Coliforms 


(cfu/100mL)


Fecal 
Coliforms 


(cfu/100mL)
Enterococci 
(cfu/100mL)


C.perfringens
(cfu/100mL)


C. perfringens 
spores 


(cfu/100mL)


Coliphage -
15597 host 


(pfu/100mL)


Coliphage -F-
amp host 


(pfu/100mL)
Enterovirus


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium 


(oocysts/100L)


Infectious 
oocysts, 
#/100 L


plant a n 5 5 5 5 5 5 5 5 5 5 5


%pos 100 100 100 100 100 100 100 100 100 100 20


average 3.64E+07 4.32E+06 3.45E+06 9.51E+03 1.01E+04 1.46E+05 1.58E+05 8.00E+02 3.37E+05 8.63E+03 4.83E+02


geometric mean 3.49E+07 3.97E+06 2.41E+06 7.81E+03 7.74E+03 5.95E+04 6.45E+04 6.45E+02 2.62E+04 1.43E+03 2.33E+02


plant b n 6 6 6 5 5 5 5 6 6 5


%pos 100 100 100 100 100 100 60 100 83 20


average 3.67E+07 3.56E+06 1.18E+06 1.70E+05 2.58E+05 3.08E+05 1.43E+04 8.60E+04 9.33E+03 1.95E+03


geometric mean 3.01E+07 3.00E+06 7.05E+05 1.00E+05 1.97E+05 3.00E+05 5.41E+03 3.72E+04 3.78E+03 1.31E+03


plant c n 5 5 6 5 5 5 5 5 5 5


%pos 100 100 100 100 100 100 100 100 80 0


average 4.52E+07 5.85E+06 2.35E+06 1.05E+06 2.26E+06 2.02E+07 1.86E+04 2.02E+05 3.67E+03 1.37E+03


geometric mean 4.36E+07 5.31E+06 2.08E+06 9.68E+05 7.29E+05 8.79E+05 9.37E+03 7.94E+04 1.60E+03 7.08E+02


plant d n 6 6 6 6 5 6 6 6 6 6 6


%pos 100 100 100 67 80 100 100 67 100 50 33


average 4.36E+07 3.40E+06 5.57E+05 1.50E+04 1.59E+04 2.46E+05 4.83E+04 2.06E+03 6.53E+04 7.52E+03 4.88E+02


geometric mean 4.21E+07 3.27E+06 4.37E+05 2.00E+03 1.97E+04 1.25E+05 2.82E+04 1.21E+03 3.10E+04 1.33E+03 4.10E+02


plant e n 5 5 5 4 5 5 5 5 5 4


%pos 100 100 100 75 100 100 100 100 80 50


average 3.00E+07 9.10E+06 1.59E+06 4.65E+04 9.35E+05 1.48E+06 7.94E+02 5.71E+04 5.84E+03 8.57E+02


geometric mean 1.96E+07 3.56E+06 7.45E+05 5.73E+03 1.17E+05 6.07E+04 4.64E+02 1.95E+04 1.56E+03 8.05E+02


plant f n 5 5 5 5 5 5 5 6 6 4


%pos 100 100 100 100 100 100 100 100 67 25


average 3.41E+07 2.64E+06 7.36E+05 1.40E+05 2.84E+05 3.14E+05 1.52E+04 3.05E+04 1.49E+03 4.37E+02


geometric mean 3.32E+07 2.09E+06 5.98E+05 8.97E+04 1.86E+05 1.85E+05 7.16E+03 6.12E+03 6.55E+02 2.40E+02







Table 2. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in secondary effluents from treatment facilities A-F.


Secondary
Effluent


Total
Coliforms


(cfu/100mL)
Fecal Coliforms 


(cfu/100mL)
Enterococci 
(cfu/100mL)


C.perfringens
(cfu/100mL)


C. perfringens 
spores 


(cfu/100mL)


Coliphage -
15597 host 


(pfu/100mL)


Coliphage -F-
amp host


(pfu/100mL)
Enterovirus


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium


(oocysts/100L)


Infectious 
oocysts, 
#/100 L


plant a n 5 5 5 5 5 5 5 5 5 5 5


%pos 100 100 100 60 60 80 80 40 80 100 20


average 7.05E+05 7.39E+04 1.64E+04 3.29E+02 3.13E+02 2.06E+03 3.74E+02 1.14E+01 3.69E+03 1.50E+02 1.03E+01


geometric mean 4.67E+05 4.79E+04 1.15E+04 6.37E+01 6.54E+01 4.36E+02 1.76E+02 5.85E+00 7.56E+02 8.39E+01 1.00E+01


plant b n 5 5 6 5 5 5 5 6 6 4


%pos 100 100 100 100 100 100 80 100 100 25


average 4.13E+05 6.22E+04 9.62E+03 3.06E+03 2.33E+03 7.20E+02 4.12E+01 1.67E+02 6.76E+01 4.64E+01


geometric mean 3.91E+05 5.47E+04 7.93E+03 2.89E+03 2.07E+03 5.08E+02 2.72E+01 8.34E+01 4.52E+01  


plant c n 5 5 6 5 5 5 5 6 6 4


%pos 100 100 100 100 100 100 100 100 83 25


average 5.85E+05 2.27E+05 7.80E+04 1.05E+04 2.00E+07 7.90E+03 1.66E+02 1.77E+03 2.25E+02 2.48E+01


geometric mean 5.04E+05 1.28E+05 5.28E+04 5.74E+03 1.49E+05 4.70E+03 1.33E+02 1.68E+02 4.87E+01 2.12E+01


plant d n 7 7 7 7 5 6 6 6 6 6 6


%pos 86 86 71 71 80 100 83 67 100 83 0


average 5.74E+04 1.65E+04 2.94E+03 1.03E+03 1.94E+03 2.62E+03 7.45E+02 5.02E+00 1.45E+03 7.26E+01 9.89E+00


geometric mean 1.21E+04 2.53E+03 6.32E+02 6.29E+01 1.50E+02 5.64E+02 3.69E+02 4.35E+00 9.74E+01 2.79E+01 9.75E+00


plant e n 5 5 5 4 5 5 5 5 5 4


%pos 100 100 100 50 100 80 60 80 40 25


average 1.33E+06 3.01E+04 7.49E+03 1.84E+02 1.23E+04 8.19E+02 7.18E+00 9.28E+01 3.72E+01 1.20E+01


geometric mean 1.85E+05 1.67E+04 3.89E+03 7.95E+01 1.01E+03 2.66E+02 2.99E+00 6.55E+01 3.09E+01 1.13E+01


plant f n 5 5 5 5 5 6 6 5 5 5


%pos 100 100 100 100 80 83 67 100 80 20


average 1.67E+05 4.07E+03 8.99E+02 2.28E+02 7.10E+01 7.17E+01 5.66E+02 5.59E+02 5.88E+01 4.46E+01


geometric mean 1.28E+05 3.23E+03 6.99E+02 1.68E+02 4.64E+01 3.80E+01 4.42E+01 3.60E+02 5.10E+01 3.56E+01







Table 3. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in filtered secondary effluents from treatment facilities A-F.


Filtered effluent
Total Coliforms


(cfu/100mL)
Fecal Coliforms 


(cfu/100mL)
Enterococci 
(cfu/100mL)


C.perfringens
(cfu/100mL)


C. perfringens 
spores (cfu/100mL)


Coliphage -
15597 host 


(pfu/100mL)


Coliphage -F-
amp host


(pfu/100mL)
Enterovirus


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium


(oocysts/100L)


Infectious 
oocysts, 
#/100 L


plant a n 5 5 5 5 5 5 5 5 5 5 5


%pos 80 60 80 40 40 40 40 60 100 100 40


average 5.32E+02 4.13E+02 2.08E+02 5.88E+01 3.60E+01 4.74E+02 1.84E+02 4.31E+00 4.05E+02 7.66E+01 3.58E+00


geometric mean 7.54E+01 3.68E+01 4.02E+01 4.22E+00 3.74E+00 6.59E+01 4.50E+01 1.87E+00 2.45E+02 3.46E+01 3.38E+00


plant b n 6 6 6 5 6 6 5 5 5 4


%pos 83 17 83 100 100 100 20 100 80 25


average 1.06E+03 9.25E+02 2.10E+02 3.28E+01 2.10E+02 2.34E+02 1.98E+00 3.87E+01 6.92E+00 4.33E+00


geometric mean 1.65E+01 1.59E+00 6.81E+00 2.60E+01 1.04E+02 1.04E+02 2.38E+00 2.40E+01 5.71E+00 3.67E+00


plant c n 6 6 6 5 5 5 5 6 6 4


%pos 100 67 67 60 100 100 80 83 67 25


average 2.21E+04 7.31E+02 1.79E+04 7.36E+03 1.55E+04 3.87E+03 2.63E+01 1.99E+01 2.06E+02 3.48E+00


geometric mean 6.85E+03 4.37E+02 1.89E+03 6.88E+02 7.31E+03 2.02E+03 1.93E+01 8.35E+00 1.77E+01 3.38E+00


plant d n 7 7 7 7 5 7 7 6 6 6 6


%pos 100 100 100 71 80 14 14 67 50 67 17


average 1.54E+04 9.54E+03 2.56E+03 3.94E+01 3.65E+01 1.09E+02 1.68E+02 2.67E+00 4.35E+01 6.27E+01 4.37E+00


geometric mean 6.85E+03 2.21E+03 1.22E+03 1.27E+01 1.82E+01 1.87E+01 2.00E+01 2.34E+00 1.45E+01 2.15E+01 4.23E+00


plant e n 5 5 5 4 5 5 5 5 5 4


%pos 100 100 100 75 100 100 40 100 40 25


average 1.79E+04 2.02E+04 5.80E+02 8.18E+01 1.14E+03 1.41E+02 6.98E-01 3.64E+01 1.37E+01 2.40E+00


geometric mean 4.83E+03 2.20E+03 4.18E+02 2.64E+01 3.33E+02 1.34E+02 5.75E-01 1.45E+01 6.57E+00 1.74E+00


plant f n 5 6 5 5 6 5 6 6 6 4


%pos 100 67 80 100 67 40 67 100 67 0


average 1.55E+02 7.81E+01 8.41E+01 3.50E+01 3.10E+01 2.50E+01 5.48E+00 1.79E+01 7.15E+00 2.83E+00


geometric mean 1.09E+02 1.27E+01 3.14E+01 2.46E+01 2.11E+01 1.60E+01 2.80E+00 1.02E+01 4.70E+00 2.68E+00







Table 4. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in disinfected, filtered secondary effluents from treatment facilities A-F.


Disinfected
effluent


Total
Coliforms 


(cfu/100mL)


Fecal
Coliforms 


(cfu/100mL)
Enterococci
(cfu/100mL)


C.perfringens
(cfu/100mL)


C. perfringens
spores


(cfu/100mL)


Coliphage -
15597 host


(pfu/100mL)


Coliphage -F-
amp host


(pfu/100mL)
Enterovirus


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium


(oocysts/100L)


Infectious 
oocysts, 
#/100 L


plant a n 5 5 5 5 5 5 5 5 5 5 5
%pos 60 40 0 60 40 20 60 60 100 100 20
average 3.47E+00 2.53E-01 2.00E-01 5.35E+00 4.48E+00 2.00E+01 3.40E+01 3.31E+00 3.89E+02 1.27E+01 2.54E+00
geometric mean 1.01E+00 2.45E-01 2.00E-01 1.35E+00 1.07E+00 1.43E+01 2.27E+01 9.11E-01 1.87E+02 9.77E+00 1.87E+00


plant b n 6 6 6 5 5 5 5 6 6 4
%pos 50 0 33 80 100 100 0 100 83 25
average 1.17E+00 2.83E-01 3.73E+00 7.04E+00 2.60E+01 6.20E+01 8.30E-01 2.31E+01 4.58E+00 1.04E+01
geometric mean 8.09E-01 2.56E-01 7.79E-01 4.16E+00 2.17E+01 3.87E+01 7.23E-01 1.34E+01 3.76E+00 5.84E+00


plant c n 4 4 4 4 4 4 4 4 4 2
%pos 50 0 75 100 75 75 25 75 75 0
average 2.68E+00 3.00E-01 1.54E+01 1.68E+01 3.65E+02 2.08E+03 5.85E-01 2.77E+01 1.14E+02 2.20E+00
geometric mean 7.85E-01 2.63E-01 5.47E+00 8.25E+00 4.86E+01 1.72E+02 4.55E-01 1.06E+01 3.35E+01 2.20E+00


plant d n 6 6 6 6 5 6 6 6 6 6 6
%pos 83 50 50 50 60 0 17 17 83 83 33
average 3.35E+02 3.50E+02 3.11E+02 1.73E+00 1.15E+00 1.00E+01 1.17E+01 3.12E-01 2.23E+01 4.92E+01 6.64E+00
geometric mean 7.95E+00 3.73E+00 5.32E+00 5.41E-01 9.44E-01 1.00E+01 1.12E+01 3.10E-01 1.39E+01 2.12E+01 5.19E+00


plant e n 5 5 5 4 5 5 5 5 5 4
%pos 80 80 20 25 0 0 0 80 20 0
average 1.19E+01 1.87E+02 4.38E+00 4.00E-01 1.00E+01 1.00E+01 5.22E-01 1.97E+01 6.50E+00 1.74E+00
geometric mean 5.31E+00 2.32E+00 5.50E-01 2.99E-01 1.00E+01 1.00E+01 4.62E-01 1.11E+01 4.94E+00 1.69E+00


plant f n 5 5 5 5 5 5 5 6 6 4
%pos 60 0 0 40 80 80 80 50 67 50
average 1.13E+01 2.00E-01 2.00E-01 1.56E+00 1.04E+01 1.04E+01 3.36E-01 6.70E+00 6.50E+00 8.33E+00
geometric mean 1.17E+00 2.00E-01 2.00E-01 6.25E-01 9.68E+00 9.68E+00 3.33E-01 4.53E+00 3.53E+00 4.14E+00







INFLOW: Date


Total 
Coliforms 


(cfu/100mL)


Fecal 
Coliforms 


(cfu/100mL)
Enterococci 
(cfu/100mL)


C.perfringens 
(cfu/100mL)


C. perfringens 
spores 


(cfu/100mL)


Coliphage -
15597 host 


(pfu/100mL)


Coliphage -F-
amp host 


(pfu/100mL)


Enteric 
viruses 


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium


(oocysts/100L) Infectious oocysts, #/100 L
Infectious oocysts, #/100 


L; confidence interval
A-1 11/20/2002 2.73E+07 6.20E+06 8.03E+05 1.26E+04 2.36E+04 6.35E+04 4.21E+03 1.70E+03 1.25E+06 3.84E+04 <1315 197-9736
A-2 3/4/2003 2.57E+07 2.63E+06 1.60E+06 3.00E+03 3.00E+03 5.10E+04 9.20E+04 4.45E+02 2.37E+03 1.06E+03 <132 19.8-977
A-3 4/15/2003 5.43E+07 3.07E+06 9.20E+06 4.67E+03 4.67E+03 1.00E+05 8.30E+04 8.01E+02 4.21E+05 2.89E+03 <72 10-510
A-4 6/16/2003 4.33E+07 2.87E+06 1.77E+06 1.83E+04 1.20E+04 4.50E+03 6.30E+04 2.22E+02 1.30E+04 6.60E+01 6.60E+01 9.9-490
A-5 9/3/2003 3.13E+07 6.83E+06 3.90E+06 9.00E+03 7.00E+03 5.10E+05 5.50E+05 8.30E+02 7.57E+02 7.57E+02 <830 1200-5900
B-1 5/30/2001 6.65E+06 4.10E+06 3.75E+06 1.65E+04 5.38E+04 2.90E+05 >720 2.00E+04 2.00E+03 <1278 98.6 – 3355
B-2 7/2/2001 3.00E+07 3.20E+06 6.00E+05
B-3 7/16/2001 2.75E+07 6.15E+05 9.45E+05 2.00E+05 2.44E+05 2.28E+05 >11000 4.80E+04 1.70E+03 NR
B-4 10/1/2001 5.00E+07 4.30E+06 8.80E+05 2.90E+05 1.80E+05 4.40E+05 4.10E+03 1.30E+04 <476 <476.2
B-5 11/26/2001 6.33E+07 4.30E+06 8.33E+05 3.10E+05 6.02E+05 2.60E+05 2.70E+03 2.50E+05 6.70E+03 5065 1835.7 – 9526.6
B-6 1/28/2002 4.30E+07 4.86E+06 7.86E+04 3.43E+04 2.10E+05 3.20E+05 5.30E+04 1.80E+05 7.09E+03 <966.2
B-7 6/19/2002 4.70E+03 3.80E+04
C-1 6/12/2001 3.50E+06 7.20E+05 2.76E+05 2.29E+05 2.30E+04 2.00E+04 <434.8 <2411 486.5 – 5213
C-2 7/2/2001 3.75E+07 7.90E+06 6.90E+05
C-3 8/13/2001 6.00E+07 2.00E+06 3.60E+06 1.60E+06 6.07E+05 3.90E+05 4.00E+03 2.20E+04 8.16E+02 <204
C-4 10/15/2001 4.73E+07 5.83E+06 1.83E+06 1.53E+06 6.10E+05 3.68E+05 6.30E+04 5.90E+05 5.60E+03 <2500
C-5 12/10/2001 2.80E+07 7.13E+06 2.10E+06 5.60E+05 2.10E+05 1.60E+05 2.20E+04 3.40E+05 1.10E+04 <1646
C-6 3/12/2002 5.30E+07 6.40E+06 2.40E+06 8.60E+05 9.60E+06 1.00E+08 6.30E+03 3.57E+04 4.40E+02 <88
C-7 3/13/2002
D-1 10/28/2002 4.40E+07 5.30E+06 7.00E+04 <33.3 2.44E+04 1.02E+04 7.37E+02 2.10E+04 1.75E+04 <500 75-3700
D-2
D-3 1/6/2003 2.63E+07 2.30E+06 6.60E+05 2.76E+04 1.70E+04 5.22E+05 4.12E+03 1.39E+03 2.01E+05 2.63E+04 <131 19.2-973
D-4 3/24/2003 5.87E+07 2.97E+06 5.70E+05 <33.3 <33.3 6.00E+05 8.70E+04 2.84E+02 9.10E+03 3.03E+02 1.99E+02 7.54-372
D-5 7/7/2003 4.73E+07 2.97E+06 3.97E+05 2.30E+03 1.90E+04 7.00E+04 5.60E+04 5.06E+03 1.34E+05 <311 3.10E+02 46.6-2298
D-6 8/11/2003 3.37E+07 2.83E+06 7.43E+05 3.00E+04 2.00E+04 2.27E+05 1.10E+05 >3969.4 1.13E+04 <331 <331 49.6-2450
D-7 9/15/2003 5.13E+07 4.00E+06 9.00E+05 3.00E+04 2.33E+04 3.21E+04 2.22E+04 >921.1 1.54E+04 <384 <420 60-3000
E-1 10/10/2002 3.10E+07 9.70E+05 1.29E+06 1.38E+05 1.80E+05 1.20E+03 1.84E+02 3.89E+04 1.23E+04 <884 132-6548
E-2 12/3/2002 3.50E+06 7.00E+05 2.53E+05 <333.3 3.21E+04 4.65E+03 2.27E+02 1.48E+05 1.33E+04 <1333 200-9866
E-3 2/20/2003 1.07E+07 9.77E+06 1.59E+05 4.70E+04 4.20E+06 7.10E+06 3.01E+02 8.00E+04 <2100 7.04E+02 105.6-5211
E-4 4/30/2003 6.83E+07 2.77E+06 5.43E+06 5.00E+02 3.55E+03 1.50E+05 6.59E+02 1.81E+04 1.50E+03 5.05E+02 75.8-3737
E-5 4/9/2004 3.67E+07 3.13E+07 8.12E+05 2.58E+05 1.39E+05 2.60E+03 3.37E+02 2.40E+01
F-1 7/23/2001 3.60E+07 2.30E+06 4.20E+05 7.10E+04 4.32E+05 1.30E+05 4.50E+03 4.29E+03 9.52E+02
F-2 9/11/2001 4.86E+07 4.43E+06 1.56E+06 7.06E+04 3.30E+05 5.46E+05 1.10E+03 3.56E+03 5.28E+01 <158.7
F-3 10/1/2001
F-4 11/13/2001 2.86E+07 3.86E+06 1.03E+06 2.00E+04 4.02E+05 4.18E+05 3.20E+04 1.14E+04 <714 36.8 3.0 – 84.6
F-5 1/14/2001 3.30E+07 2.13E+06 3.36E+05 1.50E+05 2.40E+05 4.60E+05 3.50E+04 1.60E+05 7.69E+02 <966.2
F-6 2/12/2002 2.43E+07 4.73E+05 3.36E+05 3.86E+05 1.60E+04 1.60E+04 3.40E+03 2.87E+03 <478 <584.8
F-7 4/24/2002 6.60E+02 5.96E+03


Table 1.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia, and Cryptopsporidium in untreated wastewater from treatment facilities 
A-F.







SECONDARY: 
Date


Total Coliforms 
(cfu/100mL)


Fecal 
Coliforms 


(cfu/100mL)
Enterococci 
(cfu/100mL)


C.perfringens 
(cfu/100mL)


C. perfringens 
spores (cfu/100 


mL)


Coliphage -
15597 host 


(pfu/100mL)


Coliphage -F-
amp host 


(pfu/100mL)


Enteric 
viruses 


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium 


(oocysts/100L)
Infectious oocysts, 


#/100 L


Infectious oocysts, 
#/100 L; confidence 


interval
A-1 11/20/2002 2.10E+06 2.30E+05 3.56E+04 7.00E+02 2.60E+02 2.11E+02 1.00E+02 <5.85 1.40E+04 2.22E+02 <10.6 1.56-78.2
A-2 3/4/2003 2.53E+05 2.57E+04 1.70E+04 <3 <3.3 <10 <10 >38.6 <19 2.59E+02 6.58E+00 0.99-48.7
A-3 4/15/2003 2.63E+05 2.93E+04 7.67E+03 <3 <3.3 7.80E+02 4.00E+02 <8.9 2.20E+03 2.28E+02 <12 1.6-82
A-4 6/16/2003 6.70E+05 2.40E+04 2.20E+03 2.37E+02 6.67E+02 1.18E+03 4.90E+02 2.00E+00 2.00E+03 1.00E+01 <10.2 1.52-75.2
A-5 9/3/2003 2.37E+05 6.07E+04 1.97E+04 7.00E+02 6.33E+02 8.10E+03 8.70E+02 1.70E+00 2.11E+02 3.17E+01 <12 1.6-82
B-1 5/30/2001 8.80E+03 1.75E+03 2.05E+03 8.40E+02 6.20E+01 1.23E+02 1.76E+01 <17.6
B-2 7/2/2001 4.10E+05 1.20E+05 5.00E+03
B-3 7/16/2001 5.25E+05 4.55E+04 1.95E+04 5.00E+03 4.80E+03 2.00E+02 5.80E+00 3.10E+01 3.10E+01
B-4 10/1/2001 4.90E+05 6.10E+04 8.90E+03 2.80E+03 1.30E+03 1.80E+03 <11 1.43E+02 6.12E+01 <20.4
B-5 11/26/2001 4.43E+05 6.00E+04 1.30E+04 3.00E+03 1.40E+03 2.00E+02 4.70E+01 7.14E+01 1.79E+02 105.8 7.5 – 279.1
B-6 1/28/2002 1.96E+05 2.46E+04 2.50E+03 2.76E+03 2.10E+03 5.60E+02 8.00E+01 6.21E+02 1.03E+02 <41.9
B-7 6/19/2002 1.39E+01 1.39E+01
C-1 6/12/2001 4.40E+04 2.40E+03 4.50E+04 8.14E+03 3.50E+01 9.17E+01 1.83E+01 <18.3
C-2 7/2/2001 5.20E+05 3.80E+05 5.60E+04
C-3 8/13/2001 7.70E+05 2.20E+04 1.56E+05 2.70E+04 1.50E+04 2.10E+04 2.70E+02 1.00E+01 1.00E+01
C-4 10/15/2001 3.13E+05 1.23E+05 1.60E+04 1.60E+04 4.20E+04 7.00E+03 9.60E+01 1.37E+02 1.37E+01 <16.7
C-5 12/10/2001 2.40E+05 6.00E+04 2.00E+04 6.00E+03 2.60E+04 2.60E+03 2.30E+02 9.35E+03 6.15E+02 51.1 8.1 – 172.6
C-6 3/12/2002 1.08E+06 5.50E+05 1.76E+05 1.00E+03 1.00E+08 7.40E+02 2.00E+02 1.01E+03 <12.8 <12.9
C-7 3/13/2002 1.90E+01 6.79E+02
D-1 10/29/2002 <333.3 <30 <30 <3 4.21E+02 2.00E+02 8.80E+00 7.30E+01 2.70E+01 <9.09 1.36-67.3
D-2 10/30/2002 6.67E+03 3.33E+03 <33.3 1.30E+01
D-3 1/6/2002 2.86E+02 3.00E+01 2.13E+02 3.30E+01 2.30E+01 1.61E+01 <10 <8.9 6.50E+01 3.45E+02 <7.2 1.0-53.2
D-4 3/24/2003 1.76E+05 3.13E+04 3.87E+03 <3 <3.3 1.30E+04 1.20E+03 <2.9 2.12E+01 <21.2 <7.1 1.06-52.2
D-5 7/7/2003 4.77E+04 4.87E+03 9.00E+02 6.30E+03 9.00E+03 4.60E+02 9.00E+02 3.00E+00 9.52E+01 2.12E+01 <10.6 1.59-78.3
D-6 8/11/2003 8.67E+04 4.07E+04 1.02E+04 2.67E+02 3.00E+02 1.04E+03 1.04E+03 4.00E+00 1.06E+01 1.06E+01 <10.57 1.58-78.2
D-7 9/15/2003 8.43E+04 3.53E+04 5.30E+03 6.00E+02 3.67E+02 7.60E+02 1.12E+03 2.50E+00 8.45E+03 1.06E+01 <12 1.6-82
E-1 10/10/2002 1.10E+05 3.70E+04 1.65E+04 2.00E+02 5.92E+04 3.21E+03 <5.2 2.41E+02 8.40E+01 <9.27 1.39-68.6
E-2 12/3/2002 1.30E+05 2.30E+03 2.00E+03 <333.3 4.63E+02 4.14E+02 5.00E-01 5.50E+01 1.80E+01 <18 2.75-135.8
E-3 2/20/2003 8.13E+04 6.67E+04 2.20E+03 2.00E+02 1.10E+03 <20 5.00E-01 1.06E+02 <42 <14 2.12-104.5
E-4 4/30/2003 6.30E+06 3.87E+04 1.60E+04 <3 5.87E+02 2.27E+02 <8.7 4.10E+01 <21 6.91E+00 1.04-51.1
E-5 4/9/2004 2.97E+04 6.00E+03 7.70E+02 6.00E+01 2.22E+02 2.10E+01 <21 <21
F-1 7/23/2001 5.10E+04 3.60E+03 8.67E+02 6.70E+01 <5 <5 <5.9 9.22E+02 3.92E+01 <9.8
F-2 9/11/2001 3.33E+05 7.40E+03 1.40E+03 4.00E+02 4.00E+01 4.00E+01 <11 9.35E+02 <93.5 <93.5
F-3 10/1/2001
F-4 11/13/2001 2.36E+05 5.30E+03 1.60E+03 8.30E+01 1.20E+02 1.00E+01 2.60E+01 3.57E+01 3.57E+01 <43.5
F-5 1/14/2001 5.10E+04 3.30E+03 2.00E+02 1.30E+02 1.00E+02 7.00E+01 2.20E+00 3.74E+02 2.67E+01 35.7 5.7 – 120.6
F-6 2/12/2002 1.66E+05 7.60E+02 4.30E+02 4.60E+02 9.00E+01 1.10E+02 2.00E+01 5.28E+02 9.90E+01 <40.4
F-7 4/24/2002 1.95E+02 3.33E+03


Table 2.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia , and Cryptopsporidium in effluents from secondary treatment of wastewater 
from treatment facilities A-F.







FILTER 
EFFLUENT: 


Date


Total 
Coliforms 


(cfu/100mL)


Fecal 
Coliforms 


(cfu/100mL)
Enterococci 
(cfu/100mL)


C.perfringens 
(cfu/100mL)


C. perfringens 
spores (cfu/100 


mL)


Coliphage -
15597 host 


(pfu/100mL)


Coliphage -F-
amp host 


(pfu/100mL)


Enteric 
viruses 


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium 


(oocysts/100L)
Infectious oocysts, 


#/100 L


Infectious oocysts, 
#/100 L; confidence 


interval
A-1 11/20/2002 <0.4 <0.4 <0.4 <0.4 <0.4 <10 <10 <1.5 7.27E+02 6.10E+01 2.04E+00 0.31-15.10
A-2 3/4/2003 1.33E+01 <1 6.67E+00 <1 <1.3 <10 <10 1.45E+01 4.36E+01 1.96E+02 3.63E+00 0.54-26.9
A-3 4/15/2003 3.61E+02 2.04E+02 2.73E+02 <0.4 <0.4 8.10E+02 3.30E+02 <4.4 7.18E+02 1.12E+02 <2.9 0.4-2.1
A-4 6/16/2003 9.63E+02 7.30E+02 3.50E+02 2.60E+02 1.55E+02 1.53E+03 5.60E+02 3.00E-01 4.54E+02 3.50E+00 <3.52 0.53-26.1
A-5 9/3/2003 1.32E+03 1.13E+03 4.10E+02 3.20E+01 2.27E+01 <10 <10 8.00E-01 8.46E+01 1.06E+01 <5.8 0.8-41
B-1 5/30/2001 <0.6 <0.6 5.40E+01 6.80E+01 1.10E+02 1.00E+02 5.10E+00 2.76E+01 <3.9 <3.9
B-2 7/2/2001 6.30E+03 5.55E+03 1.20E+03
B-3 7/16/2001 1.00E+00 <.3 <.3 8.00E+00 1.80E+02 1.20E+02 <1 7.13E+01 5.90E+00
B-4 10/1/2001 1.30E+01 <0.4 1.30E+00 3.73E+01 3.10E+02 4.30E+02 <1.3 1.52E+01 2.20E+00 <2.2
B-5 11/26/2001 1.63E+01 <0.2 6.60E+00 1.76E+01 3.50E+02 2.80E+02 <1.1 3.50E+00 8.60E+00 8.8 1.0 – 20.7
B-6 1/28/2002 2.56E+01 <0.2 6.00E-01 3.30E+01 3.10E+02 4.70E+02 <1.4 7.61E+01 1.40E+01 <2.4
B-7 6/19/2002 1.90E+00 1.90E+00
C-1 6/12/2001 1.05E+03 8.45E+02 4.60E+04 4.35E+02 2.50E+04 2.57E+03 1.40E+01 <3.89 <3.89 <3.9
C-2 7/2/2001 3.30E+03 2.50E+03 4.10E+02
C-3 8/13/2001 1.00E+05 1.14E+02 6.00E+04 3.50E+04 1.20E+04 1.10E+03 5.10E+01 4.00E+00 1.06E+03
C-4 10/15/2001 2.30E+03 <333 <333 1.00E+03 3.40E+04 8.80E+03 4.90E+01 1.07E+01 1.57E+02 <2.2
C-5 12/10/2001 6.60E+03 <333 <333 <333 6.00E+03 6.70E+03 9.20E+00 5.50E+00 2.77E+00 3.70E+00 0.6 – 12.5
C-6 3/12/2002 1.96E+04 2.60E+02 3.60E+02 <30.3 3.40E+02 2.00E+02 <8.3 9.10E+01 <4.13 <4.1 <4.1
C-7 3/13/2002 4.08E+00 4.08E+00
D-1 10/29/2002 5.29E+02 7.20E+02 6.40E+02 <0.4 <10 <10 <1.2 <3  5.90E+01 <2.94 0.44-21.76
D-2 10/30/2002 2.70E+03 9.20E+01 1.80E+02 1.10E+01 <10 <10
D-3 1/6/2002 3.83E+03 2.86E+02 7.16E+02 6.00E+01 1.80E+01 <10 <10 4.10E+00 6.30E+01 2.75E+02 <3.5 0.5-26
D-4 3/24/2003 3.07E+04 1.19E+04 4.33E+03 <1 <1.2 <10 <10 <3.0 <10.5 2.11E+01 <3.5 0.53-26
D-5 7/7/2003 9.13E+03 6.20E+03 3.63E+02 4.68E+01 4.00E+01 <10 <10 1.10E+00 <5.28 <5.28 5.28E+00 0.79-39.1
D-6 8/11/2003 5.23E+04 4.33E+04 7.40E+03 1.20E+02 1.00E+02 8.10E+02 1.28E+03 4.20E+00 5.18E+00 <5.18 <5.2 0.77-38.3
D-7 9/15/2003 8.83E+03 4.27E+03 4.27E+03 3.67E+01 2.33E+01 <10 <10 2.40E+00 1.74E+02 1.06E+01 <5.8 0.8-41
E-1 10/10/2002 2.41E+04 8.50E+04 4.13E+02 2.18E+02 4.80E+03 1.10E+02 <1.25 1.20E+01 1.20E+01 <2.06 0.31-15.3
E-2 12/3/2002 1.50E+03 2.86E+02 3.81E+02 2.80E+01 1.21E+02 8.90E+01 <0.28 2.00E+00 <1 <0.34 0.05-2.49
E-3 2/20/2003 5.63E+04 1.43E+04 1.60E+03 8.00E+01 1.60E+02 2.20E+02 3.50E-01 1.38E+02 4.23E+01 3.53E+00 0.53-26.10
E-4 4/30/2003 1.80E+02 1.15E+02 3.72E+02 <1 5.30E+02 1.20E+02 <0.44 2.20E+01 <11 <3.67 0.55-27.17
E-5 4/9/2004 7.20E+03 1.29E+03 1.36E+02 8.33E+01 1.66E+02 1.17E+00 8.70E+00 <2.2
F-1 7/23/2001 4.20E+01 <0.4 <0.4 3.80E+01 <5 <5 1.10E+00 2.10E+00 <2.1
F-2 9/11/2001 2.13E+02 1.41E+02 1.41E+02 3.00E+01 2.00E+01 <10 <1.4 4.40E+00 2.20E+00 <2.2
F-3 10/1/2001
F-4 11/13/2001 3.78E+02 2.34E+02 9.70E+01 3.20E+00 <10 <10 3.00E+00 1.87E+01 1.12E+01 <4.6
F-5 1/14/2001 4.86E+01 <0.2 3.93E+01 3.70E+01 7.00E+01 7.00E+01 4.30E+00 5.70E+00 <1.9 <2.3
F-6 2/12/2002 9.20E+01 7.06E+01 1.43E+02 6.66E+01 6.00E+01 3.00E+01 <1.1 5.66E+01 5.50E+00 <2.2
F-7 4/24/2002 2.20E+01 9.00E+00 1.00E+01 2.00E+01 2.00E+01


Table 3.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia, and Cryptopsporidium in filtered secondary effluents from treatment 
facilities A-F.







DISINFECTION 
EFFLUENT: 


Date


Total 
Coliforms 


(cfu/100mL)


Fecal 
Coliforms 


(cfu/100mL)
Enterococci 
(cfu/100mL)


C.perfringens 
(cfu/100mL)


C. 
perfringens 


spores 
(cfu/100 mL)


Coliphage -
15597 host 


(pfu/100mL)


Coliphage -F-
amp host 


(pfu/100mL)


Enteric 
viruses 


MPN/100L
Giardia 


(cysts/100L)
Cryptosporidium 


(oocysts/100L)
Infectious oocysts, 


#/100 L


Infectious 
oocysts, 
#/100 L; 


confidence 
interval


A-1 11/20/2002 <0.2 <0.2 <0.2 1.00E+00 5.30E+00 <10 <10 <0.6 6.42E+02 1.60E+01 <2.03 0.30-15.04
A-2 3/4/2003 3.00E+00 3.33E-01 <0.2 <0.2 <2 <10 <10 1.45E+01 1.38E+01 1.89E+01 2.90E-01 0.04-2.12
A-3 4/15/2003 <0.2 <0.2 <0.2 <0.2 <0.3 <10 3.00E+01 <0.3 5.12E+02 2.10E+01 <2.5 0.35-18
A-4 6/16/2003 1.33E+01 3.33E-01 <0.2 1.97E+01 1.47E+01 6.00E+01 1.00E+02 3.00E-01 7.06E+02 3.70E+00 <3.77 0.57-27.9
A-5 9/3/2003 6.67E-01 <0.2 <0.2 5.67E+00 <0.3 <10 2.00E+01 8.00E-01 7.17E+01 3.78E+00 <4.1 0.58-29
B-1 5/30/2001 <0.3 <0.3 1.55E+01 1.95E+01 2.00E+01 1.00E+01 <1.26 1.27E+01 4.20E+00 <2.1
B-2 7/2/2001 <0.3 <0.3 <0.3
B-3 7/16/2001 <0.5 <0.5 6.00E+00 <0.5 1.00E+01 3.00E+01 <0.3 3.39E+01 2.30E+00
B-4 10/1/2001 1.30E+00 <0.2 <0.2 4.30E+00 2.00E+01 2.00E+01 <1.2 1.78E+01 4.40E+00 <2.2
B-5 11/26/2001 1.60E+00 <0.2 <0.2 5.30E+00 6.00E+01 1.60E+02 <0.48 5.60E+00 <2.8 22.5
B-6 1/28/2002 3.00E+00 <0.2 <0.2 5.60E+00 2.00E+01 9.00E+01 <0.91 6.63E+01 1.18E+01 <2.9
B-7 6/19/2002 2.00E+00 2.00E+00
C-1 6/12/2001 <0.6 <0.6 3.70E+01 3.00E+00 1.00E+01 2.00E+01 <1.4 6.60E+00 <2.2 <2.2
C-2 7/2/2001
C-3 8/13/2001 <0.2 <0.2 7.00E+00 2.76E+01 <10 <10 <0.3 1.19E+01 3.17E+02
C-4 10/15/2001 9.60E+00 <0.2 1.73E+01 3.50E+01 1.40E+03 7.70E+03 3.40E-01 <1.8 1.22E+02 <2.2
C-5 12/10/2001 3.30E-01 <0.2 <0.2 1.60E+00 4.00E+01 5.70E+02 <0.3 9.06E+01 1.48E+01
C-6 3/12/2002
C-7 3/13/2002
D-1 10/29/2002 <0.2 <0.2 <0.2 <0.2 <10 <10 <0.29 <2  5.30E+01 7.30E+00 0.8-16.9
D-2
D-3 1/6/2002 3.00E-01 <0.2 5.30E+01 3.00E-01 1.30E+00 <10 <10 <0.38 4.10E+01 1.78E+02 1.84E+01 5.5 - 41.4
D-4 3/24/2003 1.95E+03 2.06E+03 1.78E+03 <0.4 <0.6 <10 <10 <0.30 3.02E+01 4.53E+01 <2.5 0.37-18.6
D-5 7/7/2003 3.40E+00 <0.2 3.00E+01 6.00E-01 6.00E-01 <10 <10 <0.3 3.77E+00 7.55E+00 <3.78 0.57-27.9
D-6 8/11/2003 3.97E+01 3.50E+01 <0.2 8.67E+00 2.67E+00 < 10 2.00E+01 <0.3 3.40E+01 7.55E+00 <3.77 0.57-27.9
D-7 9/15/2003 1.60E+01 4.67E+00 <0.2 <0.2 <0.6 <10 <10 3.00E-01 2.26E+01 <3.77 <4.1 0.58-29
E-1 10/10/2002 1.87E+01 9.33E+02 <0.2 1.00E+00 <10 <10 <0.30 4.60E+01 1.60E+01 <2.02 0.30-14.9
E-2 12/3/2002 1.00E+01 6.60E-01 <0.2 <0.2 <10 <10 <0.36 8.00E+00 <4  <1.33 0.2-9.87
E-3 2/20/2003 3.30E+00 3.30E-01 <0.2 <0.2 <10 <10 <0.37 3.48E+01 <6.9 <2.32 0.35-17.16
E-4 4/30/2003 2.73E+01 1.00E+00 2.10E+01 <0.2 <10 <10 <1.1 7.80E+00 <3.9 <1.30 0.19-9.65
E-5 4/9/2004 <0.25 <0.33 <0.3 <10 <10 <0.48 <1.7 <1.7
F-1 7/23/2001 7.00E-01 <0.2 <0.2 <0.2 <5 <5 <0.4 2.00E+00 2.00E+00
F-2 9/11/2001
F-3 10/1/2001 <0.2 <0.2 <0.2 <0.2 1.70E+01 1.70E+01 3.20E-01 <2 <2 <2.0
F-4 11/13/2001 <0.2 <0.2 <0.2 <0.2 1.00E+01 1.00E+01 3.00E-01 <2 2.00E+00 2.5 0.4 – 8.3
F-5 1/14/2001 2.60E+00 <0.2 <0.2 2.60E+00 1.00E+01 1.00E+01 3.70E-01 <5.2 <5.2 26.6 3.1 – 62.6
F-6 2/12/2002 3.06E+01 <0.2 <0.2 4.60E+00 1.00E+01 1.00E+01 2.90E-01 1.60E+01 1.80E+00 <2.2
F-7 4/24/2002 1.30E+01 2.60E+01


Table 4.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia , and Cryptopsporidium in disinfected filtered secondary effluents from 
treatment facilities A-F.







Sample Date
Flowrate, 
MGD


Secondary clarifier 
overflow rate, gpd/ft2 MLSS, mg/L


MCRT, 
days


Filter 
Hydraulic 


loading, 
gpm/ft2


Contact 
time. Min


Ammonia, 
mg/L as N


Chorine dose, 
mg/L as Cl2


Chlorine 
residual, mg/L 


as Cl2
Effluent 


turbidity, NTU
A-1 11/20/2002 0.87 169.84 2255 8.0 1.46 71 9.7 2.5
A-2 3/4/2003 2.64 512.37 2227 6.5 3.46 29 13.50 11.1 4.3
A-3 4/15/2003 2.59 503.69 2015 6.0 5.79 24 6.43 11.6 4.6
A-4 6/16/2003 1.46 283.72 2353 6.5 2.34 77 5.70 11.2 3.0
A-5 9/3/2003 1868 8.0 11.6
B-1 5/30/2001 8.41 236.87 1705 6.2 0.55 86 28.60 26.1 4.9
B-2 7/2/2001 12.24 344.65 1770 5.2 0.80 59 26.00 6.4
B-3 7/16/2001 11.21 315.75 1480 4.1 0.74 64 28.60 20.1 6.7
B-4 10/1/2001 11.86 334.20 1270 5.8 0.78 61 15.60 20.2 5.3
B-5 11/26/2001 9.67 272.51 1600 3.8 0.64 74 33.80 22.3 5.3
B-6 1/28/2002 9.19 258.90 1330 9.0 0.60 78 14.30 32.4 5.5
B-7 6/19/2002 10.30 290.23 1205 2.9 0.68 70 24.70 4.9
C-1 6/12/2001 10.14 499.61 899 2.5 1.72 390 16.20 9.8 2.5
C-2 7/2/2001 10.26 505.17 925 1.8 1.80 341 11.00 11.4 4.0
C-3 8/13/2001 10.07 495.86 1054 2.1 1.69 359 14.20 9.8 7.6
C-4 10/15/2001 9.90 487.83 869 1.7 1.68 364 15.90 9.1 2.9
C-5 12/10/2001 9.65 475.12 974 2.7 1.50 578 21.90 9.3 4.1
C-6 3/12/2002 10.05 495.02 986 2.1 1.17 14.40 10.1
C-7 3/13/2002 10.28 506.40 927 1.9 1.31 400 12.40 10.8 6.5
D-1 10/29/2002 13.63 61 12.0
D-2 10/30/2002 417.18 1606 3.0 1.68 61
D-3 1/6/2003 11.06 338.52 1622 3.2 1.37 76 15.7
D-4 3/24/2003 18.80 875.10 1672 2.9 4.03 41 0.0
D-5 7/7/2003 12.20 373.40 1428 3.6 2.74 77 9.9
D-6 8/11/2003 25.00 765.20 1559 4.7 5.80 35 5.6
D-7 9/15/2003 12.26 375.20 1551 4.7 2.21 81 9.8
E-1 10/10/2002 2.08 184.00 1161 8.7 1.80 0.12 0.35
E-2 12/3/2002 1.34 118.50 1769 11.2 1.20 0.13 0.44
E-3 2/20/2003 1.96 174.00 2363 13.3 1.70 0.09 0.76
E-4 4/30/2003 2.36 208.80 2230 9.3 2.05 0.22 0.44
E-5 4/9/2004 2.63 227.00 2899 10.6 2.28 0.33
F-1 7/23/2001 3.82 201.09 4010 16 1.47 79 0.10 3.8 5.0
F-2 9/11/2001 3.54 186.05 3612 16.1 1.36 86 0.14 6.7 4.3
F-3 10/1/2001 3.73 196.46 3470 13.7 1.44 81 0.74
F-4 11/13/2001 3.49 183.47 2694 8.1 1.35 87 0.16 12.8 6.5
F-5 1/14/2001 3.67 192.89 2930 8.1 1.41 82 1.22 6.9 1.3
F-6 2/12/2002 4.02 211.25 4158 12.4 1.55 76 0.09 9.2 1.3
F-7 4/24/2002 3.93 206.72 4146 14 1.52 77 0.09 6.8 2.4


Table 5.  Summary of operations data associated with collection of samples for microbial characterization from treatment facilities A-F.
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Antibiotic Resistance Genes as
Emerging Contaminants: Studies in
Northern Colorado†


A M Y P R U D E N , * R U O T I N G P E I ,
H E A T H E R S T O R T E B O O M , A N D
K E N N E T H H . C A R L S O N


Department of Civil and Environmental Engineering,
Colorado State University, Fort Collins, Colorado 80523


This study explores antibiotic resistance genes (ARGs) as
emerging environmental contaminants. The purpose of
this study was to investigate the occurrence of ARGs in
various environmental compartments in northern Colorado,
including Cache La Poudre (Poudre) River sediments,
irrigation ditches, dairy lagoons, and the effluents of
wastewater recycling and drinking water treatment plants.
Additionally, ARG concentrations in the Poudre River
sediments were analyzed at three time points at five sites
with varying levels of urban/agricultural impact and
compared with two previously published time points. It
was expected that ARG concentrations would be significantly
higher in environments directly impacted by urban/
agricultural activity than in pristine and lesser-impacted
environments. Polymerase chain reaction (PCR) detection
assays were applied to detect the presence/absence of
several tetracycline and sulfonamide ARGs. Quantitative real-
time PCR was used to further quantify two tetracycline
ARGs (tet(W) and tet(O)) and two sulfonamide ARGs (sul-
(I) and sul(II)). The following trend was observed with
respect to ARG concentrations (normalized to eubacterial
16S rRNA genes): dairy lagoon water > irrigation ditch
water > urban/agriculturally impacted river sediments (p
< 0.0001), except for sul(II), which was absent in ditch water.
It was noted that tet(W) and tet(O) were also present in
treated drinking water and recycled wastewater, suggesting
that these are potential pathways for the spread of
ARGs to and from humans. On the basis of this study,
there is a need for environmental scientists and engineers
to help address the issue of the spread of ARGs in the
environment.


Introduction
The spread of antibiotic-resistant pathogens is a growing
problem in the U. S. and around the world. Recently a 2000
World Health Organization (WHO) report (1) focused on
antibiotic resistance as one of the most critical human health
challenges of the next century and heralded the need for “a
global strategy to contain resistance”. According to the report,
more than two million Americans are infected each year with
resistant pathogens and 14 000 die as a result. The rapid
growth of the problem emphasizes the need for intervention.
For example, vancomycin is currently considered to be the


most powerful antibiotic of “last resort”, yet within 10 years
the incidence of vancomycin-resistant enterococci (VRE)
increased in the United States from 0% to 25% (2, 3).
Resistance to penicillin, the antibiotic that originally revo-
lutionized human health 50 years ago, is now as high as 79%
in Staphylococcus pneumoniae isolates in South Africa (4, 5).
Alarmingly, diseases that were once considered to be
eradicated, such as tuberculosis, are now beginning to make
a comeback because of antimicrobial resistance (1, 6, 7). As
with other dangerous pollutants that spread in the environ-
ment and threaten human health, there is a need for
environmental scientists and engineers to help address the
critical problem of microbial resistance to antibiotics.


The rise of antibiotic resistance is considered to be closely
linked with the widespread use of antibiotic pharmaceuticals
in humans and animals. In particular, more than one-half
of the antibiotics used in the U. S. are administered to
livestock for purposes of growth promotion or infection
treatment (8, 9). In both animals and humans, up to 95% of
antibiotics can be excreted in an unaltered state (10, 11).
Some removal has been observed in wastewater treatment
plants (WWTPs); however, as is true with the larger problem
of pharmaceutical compounds, WWTPs are not designed for
the removal of micropollutants (12-14). Residual antibiotics
thus are released into the environment where they may exert
selection pressure on microorganisms. While overprescribing
or other improper use/disposal of antibiotics in humans is
generally considered to contribute to the problem, several
studies have also linked agricultural antibiotic use with
antibiotic-resistant infections in humans (15-23). For ex-
ample, avoparcin, an antibiotic growth-promoter used in
poultry, was recently banned in Europe because of its
association with the development of vancomycin-resistant
enterococci (24).


Because of the direct selection pressure that antibiotics
exert on organisms carrying antibiotic resistance genes
(ARGs), the transport pathways of antibiotic-resistant mi-
croorganisms and the ARGs that they carry are expected to
be similar to the pathways of antibiotic pharmaceuticals. In
fact, it is likely that ARGs persist further in the pathway,
considering that in many cases they are maintained in the
microbial populations even after the antibiotic selection
pressure has been removed (25-28). Also, horizontal gene
transfer (HGT) is a major mechanism for sharing ARGs
between microbes and has been documented to occur
between nonpathogens, pathogens, and even distantly related
organisms, such as Gram-positive and Gram-negative bac-
teria (25, 29-31). In many cases, ARGs have been discovered
to occur as part of multiple antibiotic resistant (MAR)
superintegrons, which may contain over 100 ARG cassettes
(32). These MAR superintegrons cause multiple-drug resis-
tance in organisms, meaning that even when very different
antibiotics are used, one antibiotic may coselect for resistance
to other antibiotics (5, 33). MAR gene cassettes and ARGs are
notorious for being associated with plasmids and/or trans-
posons that facilitate HGT. Finally, even if cells carrying ARGs
have been killed, DNA released to the environment has been
observed to persist, to be protected from DNAse, especially
by certain soil/clay compositions, and to be eventually
transformed into other cells (34-36). For all of these reasons,
ARGs in and of themselves can be considered to be emerging
“contaminants” for which mitigation strategies are needed
to prevent their widespread dissemination.


The purpose of this study was to document the occurrence
of tetracycline and sulfonamide ARGs in various environ-
mental compartments in northern Colorado. These two ARG
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groups were chosen because sulfonamide and tetracycline
antibiotics have been previously characterized in Poudre
River sediments and shown to relate to urban/agricultural
activity (37). The breadth of the study included Cache La
Poudre (Poudre) River sediments, dairy lagoon water, ir-
rigation ditch water, a wastewater recycling plant (WRP),
and two drinking water treatment plants (DWTPs). The
hypothesis was that environmental compartments most
directly impacted by urban/agricultural activity would have
significantly higher concentrations of ARGs than less im-
pacted and pristine environments. Irrigation ditch waters,
which were directly adjacent to farms, were investigated as
a potential pathway of ARGs from farms to the Poudre River,
while the WRP and the DWTPs were explored as potential
routes of human environmental input and consumption. The
presence/absence of several ribosomal protection factor
tetracycline ARGs and folic acid pathway sulfonamide ARGs
was determined using a polymerase chain reaction (PCR)
detection assay, and four commonly occurring ARGs were
further quantified by quantitative real-time PCR (Q-PCR).
Documenting the baseline occurrence of ARGs in a cross-
section of environmental compartments will take a step
toward understanding and modeling the fate and transport
phenomena associated with these emerging contaminants.


Experimental Section
Poudre River Sediment Sampling. Because of its pristine
origins and zonation corresponding to land use, the Poudre
River has served as a good model for relating human and
agricultural activities with the occurrence of antibiotic
pharmaceuticals (37) and ARGs (38). Five sampling sites were
the focus of this study, numbered sequentially in the direction
of flow from west to east, with the following characteristics:
site 1, pristine location at the river origin in the Rocky
Mountains; site 2, light-agriculture-influenced area; site 3,
urban-influenced area at the outlet of the Fort Collins Drake
WWTP; site 4, heavy-agriculture-influenced area between
Fort Collins and Greeley; and site 5, heavy-agriculture- and
urban-influenced area just east of Greeley, which is a major
center for the meat-packing industry. Over 90 confined
animal feeding operations (CAFOs), dairies, and ranches are
located between sites 3 and 5. Further attributes of the Poudre
River watershed that contribute to its suitability for inves-
tigating the impacts of urban and agricultural activity on
antibiotics and ARGs have been described previously (37,
38).


Sediment samples were collected along the Poudre River
at the five sites on August 18, 2005, October 27, 2005, and
February 17, 2006. The flow rates on these three dates were
1.04, 14.19, and 0.14 m3 s-1, respectively (U. S. Geological
Survey station number 06752260, Fort Collins, CO). Sampling
at three points in time provided insight into potential
temporal variations in ARG concentrations, and the February
17th date is exactly 1 year later than a previously published
sampling date (38). The upper sediments (about 5 cm) from
the middle and two sides of a cross-section at each site were
sampled and composited. Samples were collected using a
shovel and mixed well in sterilized centrifuge tubes. Fifty-
five grams of mixed sample at each site were stored at -80
°C for subsequent molecular analysis.


Bulk Water Sampling. Irrigation ditch waters were
investigated as a potential pathway of ARGs from farms to
the Poudre River. Grab samples of bulk water were collected
in sterile containers from irrigation ditches on August 18,
2005, corresponding to the August sampling date of the
Poudre River sediments. All irrigation ditches were located
between site 4 and site 5 on the Poudre River within a 3.5
km × 2 km zone north of the river, and a total of ten locations
were sampled. To investigate a potential source of ARGs
within this zone, a microaerophillic dairy lagoon (∼1 mg/L


dissolved oxygen in the upper 1 m) and an anaerobic dairy
lagoon (0 mg/L dissolved oxygen) from an anonymous farm
located 8 km from site 5 were sampled on October 20, 2005.
Finally, source water, and pre-chlorinated, and post-
chlorinated bulk water were collected from two anonymous
DWTPs and an anonymous WRP in northern Colorado in
February, 2005. The DWTP was studied as a potential direct
route of ARGs to consumers, and the WRP was considered
a potential human input into the environment. To collect
fine particulates from the dilute ditch water, DWTP, and WRP
samples for subsequent analysis, 500 mL of well-mixed
sample was filtered using a 0.45 µm glass fiber filter
(Whatman). This concentration step was not required for
dairy lagoon samples.


DNA Extraction. DNA was extracted from 0.5 g of
composited sediment using the FastDNA Spin Kit for Soil
(MP Biomedicals) and from 1.8 mL of dairy lagoon water
using the Ultraclean Microbial DNA Kit (MoBio Laboratories,
Inc.) according to manufacturer protocol. Both approaches
employ a bead-beating procedure. For fine particulates
collected on filters from bulk water, the filters were cut into
small pieces and added directly to the extraction tubes.
Extraction yield and the quality of the DNA were verified by
agarose gel electrophoresis and spectrophotometry.


Detection and Quantification of ARGs. Polymerase chain
reaction detection assays were used for broad-scale screening
of the presence/absence of five ribosomal protection factor
tetracycline ARGs (tet(BP), tet(O), tet(S), tet(T), and tet(W))
(39) and four folic acid pathway sulfonamide ARGs (sul(I),
sul(II), sul(III), and sul(A)). Development and validation of
sul primers was described in Pei et al. (38). Positive controls
consisted of cloned and sequenced PCR amplicons obtained
from Poudre River sediments. Both positive and negative
controls were included in every run, and negative signals
were confirmed by spiking positive control template into the
sample to verify a signal. Forty cycles were used to improve
chances of product formation from low initial template
concentrations. Further details on reaction mixes and
temperature programs are available in Pei et al. (38); note
that annealing temperatures for tet primers vary from Aminov
et al. (39). Two tetracycline ARGs (tet(W) and tet(O)) and two
sulfonamide ARGs (sul(I) and sul(II)) that were commonly
occurring according to the PCR presence/absence assays were
further quantified by Q-PCR using a SybrGreen approach.
For further details on Q-PCR methods, see Pei et al. (38).
Eubacterial 16S rRNA genes were quantified according to
the TaqMan Q-PCR method described by Suzuki et al. (40)
so that ARGs could be normalized to the total bacterial
community. This provided a means to correct for potential
variations in extraction efficiencies. By quantification of 16S
rRNA genes, it was also possible to compare ARGs propor-
tionally between samples of different overall population sizes.
Matrix effects associated with extraction of DNA from
environmental samples were corrected for by performing
spiked matrix control tests and determining template sup-
pression factors as described in Pei et al. (38). All Q-PCR
analyses were performed using a Cepheid SmartCycler
(Sunnyvale, CA).


Statistics. The influences of the environment (sites, ditch
water, and dairy lagoons) on the normalized and non-
normalized copies of ARGs were analyzed using the Mixed
Procedure, which fits a variety of mixed linear models to
data. This provides the flexibility of simultaneously modeling
means, variances, and covariances (41-44). Through the use
of this test, it was thus possible to comprehensively compare
overall differences between different environmental com-
partments with respect to ARG concentrations. For com-
parison of the five Poudre River sites, multiple sampling time
points were treated as replicates. Mixed Procedures were
conducted using SAS 9.0 (SAS Institute Inc., Cary, NC). A
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p-value <0.05 was considered to indicate significance.
Averages and standard deviations of all data were determined
using Microsoft Excel, 2003.


Results and Discussion
Occurrence of ARGs in Northern Colorado. Figure 1
summarizes the Q-PCR data obtained for the four ARGs at
the five Poudre River sites, while Figure 2 summarizes the
same analyses for the ditch waters and dairy lagoon water.
When August 2005 data for the Poudre River sediments are
compared with the dairy lagoon and ditch water, the following
trend is observed with respect to ARG concentrations: dairy
lagoon water > ditch water > river sediments (p < 0.0001),
for all ARGs except sul(II), which was absent from the ditch
waters. This is based on pooling of all 10 ditch water sites,
the two dairy lagoons, and sites 4 and 5, which were directly
adjacent to the ditch water sampling locations. Within each
of these three pools, there was no statistical difference
observed among the samples. Therefore, it was observed as
expected that environmental compartments most directly
impacted by human/agricultural activity showed higher
concentrations of ARGs. This trend is even stronger in
considering absolute quantities of ARGs (not normalized to
16S rRNA genes), because the concentration of cells in the
dairy lagoon water was orders of magnitude higher than that
of the ditch water or the sediments.


In developing a hypothetical pathway for ARGs, a trend
is not as clear. The overall trend in terms of ARG concentra-
tions of dairy lagoon water > ditch water > river sediments
suggests that on-farm compartments, such as lagoons may
be the source of ARGs, which are subsequently attenuated
in ditch water before reaching Poudre River sediments.


However, this trend is not supported in terms of sul(II), which
is entirely absent from the ditch water and therefore cannot
be the source of what is observed in the Poudre River
sediments. An alternative source of the sul(II) that appears
at sites 4 and 5 could instead be human inputs. This is
supported by the data presented in Figure 1, in which it is
observed that sul(II) is consistently present at high levels on
average at site 3, which is at the point of discharge of the
Drake WWTP, while consistently lower (comparing each date
sampled) at site 4 (entirely absent for the October event) and
equivalent or lower at site 5, which has mixed human/
agricultural inputs. Because sul(II) is present in the dairy
lagoon waters, it must also have agricultural sources, but it
may attenuate too quickly to be transported to the ditches
and subsequently to the river sediments. On the basis of this
study and a previous study (38), it is appears that of the four
ARGs quantified sul(II) is the most sensitive indicator of
human/agricultural impact, and thus it is suggested that it
attenuates quickly in the absence of direct inputs. The other
ARGs in the Poudre River sediments at sites 4 and 5 may be
of either/both human and agricultural origin, since they
followed a decreasing trend from the dairy lagoon through
the ditch water but were also present at site 3.


In addition to having higher concentrations of three out
of four of the ARGs, the dairy lagoon water was also observed
to have more different kinds of ARGs present than the
irrigation ditch water according to the PCR assay (Table 1).
Together with the Q-PCR results, these data further support
the concept that there is some attenuation of ARGs between
any linkages that may connect dairy lagoon water and
irrigation ditch water. Future work should implement ARG
fingerprinting/source tracking to fully characterize the
potential pathways.


Temporal Variations of ARG in Poudre River Sediments.
As observed in a previous study that compared a high-flow
sampling point (6.8 m3 s-1, April 2004) with a low-flow
sampling point (0.6 m3 s-1, February 2005), the ARG
concentrations in the Poudre River sediments are variable
with time (38). To better understand temporal variations in
ARG concentrations, the Poudre River sediments were
sampled at three additional time points and compared with
the two previously published time points. The February
sampling point in this study took place exactly 1 year after


FIGURE 1. Distribution of four ARGs (sul(I), sul(II), tet(O), and tet-
(W)) in Poudre River sediments on three sampling dates, compared
to two previously published sampling dates (April 13, 2004, and
February 17, 2005 (38)), as determined by Q-PCR: site 1, pristine site;
site 2, light agricultural activity; site 3, heavy urban activity; site
4, heavy agricultural activity; site 5, heavy urban and agricultural
activity. Error bars represent the standard deviation of six measure-
ments from three independent Q-PCR runs analyzing DNA extract
from composite samples.


FIGURE 2. Distribution of four ARGs (sul(I), sul(II), tet(O), and tet-
(W)) at 10 sampling points of irrigation ditch water (DW-1-DW-10)
located between site 4 and site 5 compared with that of a
microaerophillic dairy lagoon (LW-AE) and an anaerobic dairy lagoon
(LW-AN). DW samples were concentrated from 500 mL, and LW
samples were extracted directly from 1.8 mL. All samples were
normalized to the total 16S rRNA genes. Error bars represent three
independent Q-PCR runs in duplicate. The labels a and b indicate
that the data sets fell into two statistically different groups, according
to the Mixed Procedure.
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the previous February event. In support of the relationship
between ARG concentration and relative environment impact
observed above, the pristine site (site 1) consistently had the
lowest average concentrations of ARGs with time, with sul-
(II) completely absent and no individual ARG consistently
present at all five sampling times (Figure 1). When presence/
absence of ARGs are compared, site 2 appears to be the next
lowest in terms of overall impacts. For example, sul(II) is
consistently absent at site 2, and tet(O) was absent in one
of the five sampling events, whereas these genes were
consistently present at sites 3, 4, and 5. In terms of ARG
concentrations, tet(W) and tet(O) at site 2 were equal or less
than site 3; however, these two genes were sometimes higher
and sometimes lower than at sites 4 and 5. On the basis of
ARG averages and presence/absence of ARGs, sites 1 and 2
were the least impacted, as expected.


When the Mixed Procedure was applied to the data, in
which the time points were pooled as replicates, it was found
that there was no statistical difference between the five sites
for the 16S normalized data, except in the case of sul(II) (p
) 0.0117). However, when the same test was performed with
non-normalized data, it was found that sites 1 and 2 were
statistically lower than sites 3, 4, and 5 in terms of sul(I) (p
) 0.00296), sul(II) (p ) 0.0199), and tet(O) (p ) 0.0102).
Though normalizing to 16S genes provides a comparison of
ARGs as a proportion of the total population, arguably it may
be the absolute quantities of ARGs that are more critical.


While spatial variations in ARGs could be fairly well-
characterized, it is difficult to identify clear temporal patterns.
Comparison of the two February sampling dates that were
exactly a year apart provides some insight. All four genes
were either the same on average for both events (tet(O) for
sites 1 and 4 and sul(II) for sites 4 and 5) or higher in the 2006
event (all other genes, except sul(II) at sites 1 and 2, where
it was not present) (Figure 1). This suggests the possibility
that all ARGs are increasing in concentration with time.
However, the trends in between these two dates do not
support this. Only tet(W) and tet(O) at site 3 increase
consistently with time. All remaining ARGs at the five sites
either decrease before increasing (e.g., tet(W) at site 2 and
sul(II) at site 3), are constant and then increase (e.g., tet(O)
at site 2 and tet(W) at site 1), or increase and then decrease
(e.g., tet(W) at sites 4 and 5) (Figure 1). Therefore, no clear
trend was identified with time.


It was also attempted to analyze trends in the data with
respect to river flow rate. This was of interest because flow
rate directly relates to runoff and nonpoint source inputs,
which were hypothesized in the previous study to play a role
in the observed increase in the number of kinds of ARGs
detected in Poudre River sediments (38). The October 2005
sampling date provided a second sampling date at high flow
(14.9 m3 s-1), compared to the previously published April
2004 high-flow sampling date (6.8 m3 s-1). (All other dates
were at or below 1.0 m3 s-1.) Interestingly, all four ARGs
increased on average at site 5 in comparing the high-flow


October event with the immediately previous low-flow event
in August (Figure 1). At site 4, tet(W) and tet(O) increased,
but sul(II) stayed the same, and sul(I) decreased. There was
no effect at all at site 3, which is affected primarily by point
discharge rather than runoff, site 2, or site 1. However,
attempts to plot ARG concentrations versus flow rate did not
reveal any clear trend. Thus, it is still not possible to make
a conclusive judgment on the effect of flow rate on ARG
concentrations, though the role of nonpoint source inputs
merits further investigation. To accomplish this, it would be
necessary to gather more data with time/flow or monitor a
much more controlled and smaller-scale system.


Wastewater Recycling Plant and Drinking Water Treat-
ment Plants. A PCR presence/absence assay was conducted
on the influent, intermediate effluent, and final effluent of
two drinking water treatment plants (DWTP “a” and DWTP
“b”) and the pre-chlorinated and chlorinated effluent of a
WRP. It was observed that both tet(W) and tet(O) were present
at detectable levels in all samples except the source water for
DWTP “a” (Figure 3). This indicates that the same two genes
that were common in various environmental compartments
in northern Colorado are also present in treated recycled
wastewater and bulk drinking water. These two genes also
showed a response to the level of impact; e.g., they were
highest in dairy lagoon water and ditch water and lowest on
average at the pristine site. On the basis of the intensity of
the signal, they were also higher in the recycled wastewater
than in the drinking water, as would be expected. Though
these two ARGs are not directly associated with any known
human pathogens, they may be indicators of links


TABLE 1. PCR Presence/Absence Assay of Various ARGs in Ditch (DW)a and Dairy Lagoon (LW) Waterb


ARG DW-1 DW-2 DW-3 DW-4 DW-5 DW-6 DW-7 DW-8 DW-9 DW-10 LW-AE LW-AN + control


tet(BP) - - - - - - - - - - - - +
tet(O) + + + + + + - - + + + + +
tet(S) - - - - - - - - - - - - +
tet(T) - - - - - - - - - - + + +
tet(W) + + + + + + + + + + + + +
sul(I) + + + + + + + + + + + + +
sul(II) - - - - - - - - - - + + +
sul(III) - - + + + - - - - - + + +
sul(A) - - - - - - - - - - - - +


a Collected August 18, 2005. b Collected October 20, 2005.


FIGURE 3. Agarose gel analysis of PCR presence/absence (in
duplicate) of two ARG families, tet(W) and tet(O): + ) positive
control; - ) negative control. The presence of a band at the same
molecular weight as + indicates the presence of an ARG: 1 ) WRP
effluent; 2 ) WRP chlorinated effluent; 3 ) DWTP a influent; 4 )
DWTP a treated water pre-chlorination; 5 ) DWTP a treated water
post-chlorination; 6 ) DWTP b influent water; 7 ) DWTP b treated
water pre-chlorination; 8 ) DWTP b treated water post-chlorination.
The band appearing below 200 bp is consistent with a primer dimer.
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between human/agricultural activity and ARGs in drinking
water. Considering that drinking water is a direct route to
human consumers, this emphasizes the need to better
understand the pathways by which ARGs are spread in the
environment and potential ways that the spread of ARGs
may be reduced. For example, vancomycin resistance genes
were found in drinking water biofilms in a recent study (45).
Considering that vancomycin is typically the antibiotic of
last resort when all else fails, this underscores the need to
address this issue before it is too late. One possibility may
be to make simple modifications to wastewater and drinking
water treatment plants to reduce the spread of ARGs.


ARGs as Emerging Contaminants. On the basis of this
study it is clear that ARGs are present in various environ-
mental compartments, including river sediments, irrigation
ditch water, dairy lagoon water, DWTPs, and a WRP.
Furthermore, quantitative techniques incorporating Q-PCR
provide a means to compare the concentrations of ARGs
associated with the known urban and agricultural impacts,
which provides a more direct measure than previous culture-
based methods. On the basis of this occurrence survey, it is
argued that ARGs are emerging contaminants that need to
be further studied in the paradigm of environmental science
and engineering. The concept of ARGs as “pollutants” has
also been suggested by Rysz and Alvarez (46).


It should be noted that besides the tetracycline and
sulfonamide ARGs that were the focus of this study, there are
numerous other ARGs that have been described in the
literature and likely even more that have not yet been
discovered, each potentially with its own unique properties.
Thus, each ARG may have different behaviors with respect
to fate and transport and response to physical, chemical,
and/or biological treatment. In terms of defining fate and
transport characteristics of ARGs in general, it is expected
that their behavior will be distinct in comparison to “typical”
contaminants. For example, ARGs may be sequestered with
bacteria, which are themselves transported, or they may be
present as naked DNA bound to clay particles (47). Fur-
thermore, ARGs may actually amplify in the environment
under some conditions. This is indeed a unique contaminant
property. Considering the significance of the problem of the
spread of antibiotic resistance, further effort by environ-
mental researchers to better understand these emerging
contaminants is well-warranted. This is especially true as
the rate of discovery and development of new antibiotics is
continually declining (48), while the corresponding develop-
ment and spread of resistance is occurring at a rapid pace.
On the basis of this study, understanding ARGs as emerging
contaminants can add a new and important angle to helping
to approach this important problem.
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Abstract: 
In an extensive, multiyear study of antibiotic resistance from wastewater 
oxidation ponds, five mobile home park wastewater oxidation ponds in Clarke 
and Oconee counties were shown to be discharging high numbers of 
antibiotic-resistant bacteria into the waterways of North Georgia. This 
effluent contributed to higher nitrogen, phosphorus, and fecal coliform levels 
in creeks downstream from the ponds. A survey of residents revealed that 
many people did not complete their antibiotic prescriptions, and the majority 
flushed leftover antibiotic medications down the toilet. In the pond 
discharges, resistance was found to eighteen antibiotics: amikacin, 
amoxicillin/clavulanic acid, ampicillin, apramycin, cefoxitin, ceftiofur, 
ceftriaxone, cephalothin, chloramphenicol, ciprofloxacin, gentamicin, 
imipenem, kanamycin, naladixic acid, streptomycin, sulphamethoxazole, 
trimethoprim/sulphamethoxazole, and tetracycline. 
 
The discharged bacteria contained both integrons and plasmids, the latter 
being transferable to a laboratory strain of Escherichia coli (E. coli). A turtle 
was found living at a pond discharge site with multiply-antibiotic-resistant 
bacteria in its feces. Last year, RNA fingerprinting conclusively documented 
the survival of three multiply-resistant important pathogenic bacteria. 
Ceftriaxone-resistant Stenotrophomonas maltophilia and Pseudomonas 
aerogenosa and a ciprofloxacin-resistant E. coli were traced through 
oxidation pond stages and into the discharge, thus documenting that the 
pathogens survived the treatment process. In addition, a potential pathogen, 
a serotype group D Salmonella spp., was found in the discharge. 
 
In this study, tetracycline-resistance genes C and G were detected in the first 
and second stages of the oxidation pond and the discharge went directly into 
the environment. These genes are generally found in intestinal bacteria, so it 
can be inferred that they are from a human source. Antimicrobial residue 
from the beta-lactam family of antibiotics was found in all oxidation pond 
stages and in the creek above the pond. Tetracycline residue was found in 
the first and second stages of the pond. In addition to the antibiotics, genes 
coding for antibiotic resistance and the antibiotics themselves were 
documented to survive oxidation pond treatment. Tetracycline-resistant 







genes were identified in the oxidation pond stages and in the discharge going 
into the environment. 
 
A model was also developed to study oxidation pond function in the 
laboratory. A biofilm was created using a highly antibiotic-resistant 
Salmonella typhimurium 3/97, and pond water was added. The biofilm was 
processed via a rotating disk bioreactor specifically designed to study biofilms 
in nature, but with conditions that were more favorable to bacterial inhibition 
than those in nature. Cultures revealed that, under these optimal conditions, 
S. typhimurium 3/97 was still present in this in vitro system. Thus, the 
competitive inhibition process that helps to remove bacteria in oxidation 
ponds did not effectively remove an important bacterium, S. typhimurium 
3/97, in this mock oxidation pond. 
 
The bioreactor model developed in this study can be used to further 
investigate discharges from oxidation ponds. From this data, it is apparent 
that the problem is two-fold. A cost-effective technique must be developed 
that inactivates antibiotic-resistant bacteria in oxidation pond discharges and 
also removes the antibiotics. A public awareness campaign was initiated by 
the author to encourage proper use and disposal of antibiotics, as flushing 
them is a common practice in the United States. 
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COLORADO STATE RESEARCHER URGES
SCIENTIFIC COMMUNITY TO TREAT
ANTIBIOTIC RESISTANCE GENES AS WATER
CONTAMINANTS
FORT COLLINS - Antibiotic resistance genes - a growing health problem around the world - are present in water
systems in northern Colorado and should be viewed more seriously as contaminants by the scientific community, a
Colorado State University civil engineering professor urges in an upcoming issue of the American Chemical Society's
Environmental Science and Technology journal.


Amy Pruden, an assistant professor of civil and environmental engineering, and her team looked for the occurrence of
tetracycline and sulfonamide antibiotic resistance genes in five sampling sites along the Poudre River. As expected,
they found higher concentrations in more populated or heavily farmed areas, but still detected antibiotic resistance
genes in all sampling areas.


Tetracycline and sulfonamide are commonly used antibiotics in people and animals.


Pruden found that treated water and wastewater also carried the genes.


"Microbes carrying these antibiotic resistance genes are not effectively killed by antibiotics, and the presence of these
drugs in the environment may stimulate them to proliferate," Pruden said.


Pruden co-authored the paper with Ken Carlson, a civil engineering professor, and two graduate students, Ruoting Pei
and Heather Storteboom. Funding for the research was provided through a $400,000, five-year CAREER grant
awarded this year from the National Science Foundation and from the U.S. Department of Agriculture NRI
Watersheds program and the USDA Agricultural Experiment Station at Colorado State.


Pruden notes that even if cells carrying the genes have been killed, the DNA still winds up in the environment and
may get transferred to other cells. She stressed that testing so far only covers two classes of antibiotic resistance genes
- others may also be present in the environment and have varied responses to environmental conditions.


"Antibiotic resistance genes in and of themselves can be considered to be emerging 'contaminants' for which
mitigation strategies are needed to prevent their widespread dissemination," Pruden said. "This is especially true as the
rate of discovery and development of new antibiotics is continually declining while the corresponding development
and spread of resistance is occurring at a rapid pace."
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More than 2 million Americans are infected each year with resistant pathogens; 14,000 die, according to the World
Health Organization. The WHO considers antibiotic resistance to be one of the most pressing health challenges of the
next century.


"This is a new class of contaminant that can have a measurable impact on human and environmental health," Pruden
said. "I want to know how they're spread and develop models and find out how to treat them."


The next step of her research is to follow the path of the genes through the watershed and more closely identify the
sources. At the same time, she will investigate basic modifications to water treatment to destroy the genes' DNA.


"We have some evidence of how they spread in the environment, but we need to study it in more detail to confirm the
pathways," she said. "Where is it coming from, where does it end up, how does it get there?


"With environmental problems, it's often when you reach a point of no return that people start thinking about doing
something," she said. "We're hoping to avoid that."


Pruden is teaching an experimental course in molecular biology for engineers this fall. The course is now a permanent
part of the engineering curriculum and will help equip engineering students to tackle complex bioenvironmental
problems.


She is also working with Carlson to test an early-warning security system designed to alert city utility officials when
major pollutants are detected in water supplies. If installed, the real-time monitoring system, integrated by ST-Infonox
of California, would help city officials respond quickly to foreign substances in the water distribution system, helping
to combat any potential terrorist or natural threats.


ST-Infonox officials are working with city officials in Loveland and Fort Collins to test the technology on municipal
water systems.


Pruden joined Colorado State University in 2002. She obtained her bachelor's and her doctoral degree from the
University of Cincinnati.
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Phone: 612 626 8865 
firl0002@umn.edu 
 
Our study determined that substantial numbers of antibiotic-resistant 
bacteria were present in municipal wastewater, and that the existing 
treatment infrastructure did not adequately prevent release of antibioticresistant 
bacteria into the environment. Many of the bacteria found in the 
wastewater treatment plant and in the plant effluent were tentatively 
identified as potential pathogens and were also resistant to multiple 
antibiotics, raising public health concerns. We believe that wastewater 
treatment plants could be modified to further prevent the release of 
resistant bacteria to the environment. 
Sara Firl and Leslie Onan performed this study under the supervision of 
principal investigator Dr. Timothy LaPara at the University of Minnesota, 
Department of Civil Engineering. Funding was provided by the Center for 
Urban and Regional Affairs at the University of Minnesota and Geomatrix 
Consultants, Inc. The work is being presented as a poster at the 106th 
General Meeting of the American Society for Microbiology in Orlando on May 
22. 
The spread of antibiotic-resistant bacteria is a major public health concern. 
Infections previously treatable are increasingly resistant to antibiotics. 
Scientists believe that the spread of antibiotic resistance results from both 
misuse of antibiotics and transfer of resistance between bacteria. A 
potentially large reservoir for antibiotic-resistant bacteria is municipal 
wastewater. People release resistant bacteria with fecal matter into the 
wastewater stream, which is collected and treated at municipal treatment 
facilities before release to the environment. The objective of this study was 
to investigate how many resistant bacteria were present at municipal 
wastewater plants and if the existing infrastructure of waste treatment was 
adequate to remove resistant bacteria before discharge. 
In our study, the effect of effluent treatment (clarification and disinfection) 
and biosolids treatment (sludge digestion) on the removal of antibioticresistant 
bacteria was investigated at three wastewater treatment facilities. 
We found substantial numbers of resistant bacteria at the wastewater 
treatment facilities and that, although effluent treatment reduced the 
numbers of bacteria, large quantities of resistant bacteria were discharged. 
Numerous bacteria isolated from the effluent stream were resistant to 
multiple antibiotics and closely related to potentially pathogenic bacteria. 
Our research suggests that the existing wastewater treatment infrastructure 
should be modified to better prevent release of these potentially dangerous 
bacteria to the environment. 
 
 
The Importance of Municipal Sewage Treatment in the Spread of Antibiotic Resistance 08/26/2007 11:12 AM 
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The 27th Annual Meeting of the Society of Environmental Toxicology and Chemistry (SETAC) is being held November 5-9, 2006, at the
Palais de Congrès in Montréal, Québec, Canada. Additional information about the conference can be found online at
http://montreal.setac.org/home.asp  While the conference is occurring, please contact Catherine Puckett for information about specific
presentations.


A Happy Medium?  Antidepressants in Aquatic Systems: Wastewater treatment plants do a remarkable job at removing the bulk of
chemicals from the waste stream. But recent USGS studies have shown that a wide range of pharmaceuticals and other human-caused waste
compounds remain despite wastewater treatment and are discharged to receiving waters across North America.  Antidepressants are a commonly
used class of pharmaceuticals whose pharmacological effects may extend beyond humans to aquatic organisms present in surface water systems
that receive treated wastewater discharge.   Yet few methods exist to detect antidepressants in the environment, and their effects on aquatic
organisms are only beginning to be understood.   Recently, USGS researchers developed a method to study the distribution and fate of
antidepressants and their breakdown products in aquatic environments, including municipal wastewater and surface water.  Venlafaxine
(Effexor) was the predominant antidepressant researchers found in wastewater and river-water samples from Colorado, Iowa, and Minnesota,
though other antidepressants were found as well. Typical concentrations of individual antidepressants ranged from a few nanograms per liter to
thousands of nanograms per liter (for Venalfaxine) in wastewater.   This indicates that wastewater is a point source of antidepressants into the
environment, at concentrations that may impact aquatic life. For more information, please contact Edward T. Furlong, USGS, at
efurlong@usgs.gov or 303-236-3941; or Melissa Schultz, College of Wooster, Wooster, OH at mschultz@wooster.edu or 330-263-2645.
SETAC presentation is Monday, Nov. 6, 8:20 a.m., Room 517A, Palais de Congrès.


Pharmaceuticals in Long Island's Groundwater: Pharmaceuticals can infiltrate groundwater systems in areas susceptible to wastewater
contamination. In studies by Stony Brook University and the U.S. Geological Survey of ground-water wells in Suffolk County, Long Island,
NY, near permitted wastewater treatment facilities discharging to ground water, scientists detected pharmaceuticals in concentrations generally
1-200 ng/L (parts per trillion).These vanishingly small concentrations are several orders of magnitude below the concentrations where any
effects have been observed or predicted for the compounds measured in this study. Acetaminophen, caffeine, carbamazepine (anti-epileptic),
cotinine (human metabolite of nicotine), paraxanthine (human metabolite of caffeine), and sulfamethoxazole (antibiotic) were found most often
in both studies. However compounds were more frequently detected in the shallower wells.  These occurrences, and laboratory studies, suggest
that of these compounds, caffeine, carbamazepine, paraxanthine, and sulfamethoxazole are more persistent in groundwater and have the most
potential for transport in the subsurface. For more information, contact Mark J. Benotti at mbenotti@usgs.gov or 631-736-0783 x126.
SETAC presentation is Thursday, Nov. 9, 4:50 p.m., Room 516AB, Palais de Congrès.


After the Hurricanes - The Contaminants Left Behind in New Orleans: USGS researchers measured numerous semivolatile organic
compounds in street floodwater mud and Lake Pontchartrain sediment samples collected in September and October 2005 after the levee
breaches caused by Hurricane Katrina and subsequent flooding from Hurricane Rita. These compounds include compounds organochlorine
pesticides, PCBs, PAHs, current-use pesticides, anthropogenic indicator compounds (AICs), and pharmaceuticals (in the mud only).
Contaminant concentrations in street mud varied substantially and for some - including PAHs, some AICs, and four termiticides - were highest
at several sites near downtown New Orleans when compared with other locations (Chalmette, Ninth Ward, Slidell, Rigolets). USGS researchers
found that the highest concentrations of urban-related compounds (such as chlordane and PAHs) in lakebed sediments exceeded average
concentrations in U.S. urban lakes and sediment quality guidelines, but were not markedly dissimilar to historical values or to those reported
from other urban areas. The highest concentrations were limited to within a few hundred meters of the 17th Street Canal outlet into the lake.
This research suggests that the impacts of the hurricanes on the sediment history of Lake Pontchartrain are most likely transitory and confined to
a relatively small geographic region. For more information, contact W. T. Foreman at wforeman@usgs.gov or 303-236-3942. SETAC
presentation is on Thursday, Nov. 9, 10:40 a.m., Room 516C, Palais de Congrès.


Rocky Mountain High -- Mercury in Cold Environments of the Western United States: Atmospheric deposition of mercury in remote areas
in the Western United States is sufficient to pose a risk to human and ecosystem health at sites favorable for methylation, a process in which
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in the Western United States is sufficient to pose a risk to human and ecosystem health at sites favorable for methylation, a process in which
mercury in the environment is converted into a highly toxic form that accumulates in organisms and is amplified up the food chain. USGS
researchers and partners measured mercury in snowpack samples during 2003-2005 as part of the National Park Service Western Airborne
Contaminants Assessment Project. Eight high-altitude, high-latitude sites were selected for study in or near national parks in Colorado, Montana,
California, Oregon, and Alaska. Mercury levels were lowest in the North Cascades, highest in the Rocky Mountains, and were related to the
amount of particulate carbon in the snow, with both found at higher levels in forested sites than in open meadows. Seasonal variations were
lowest in Denali National Park and highest in Olympic National Park.  Mercury concentrations were higher during the warm season than the
snow season. Total annual fluxes of mercury were as high as 10 mg m-2 at some sites in the Rocky Mountains, which receive mercury
deposition equal to that in the Upper Midwest or Northeast.  Global and regional sources of mercury emissions contribute to its deposition, with
regional sources likely contributing more in the Rocky Mountains, where there are more upwind sources of emissions. For more information,
contact Don Campbell at Donald.Campbell@usgs.gov or 303-236-4882, ext. 298. SETAC presentation is on Thursday, Nov. 9, 8 a.m.- 7
p.m., Exhibit Hall,  Palais de Congrès. Poster #934.


Contaminants Lower Reproductive Health of Gila River Fish:  Downstream of Phoenix, southern Arizona's Gila River is primarily
recharged by irrigation return water, storm water, and wastewater treatment plant effluent, and fish and aquatic invertebrate habitats are
degraded. Largemouth bass, common carp and channel catfish from the Gila had elevated levels of organochlorine pesticides, many of which
have been associated with estrogen-like effects in fish. Reproductive biomarkers, including gonad size and hormone concentrations, were
notably different in fish from the Gila River when compared to fish from the Colorado River, indicating that organochlorine contaminants may
be affecting the reproductive health of fish populations in the Gila River downstream of Phoenix. For more information, contact Jo Ellen
Hinck at jhink@usgs.gov or 573-876-1808. SETAC presentation is  on Thursday, Nov. 9, 2:30 p.m., Room 517B,  Palais de Congrès.


Aquatic Herbicides May Benefit Invasive Aquatic Species: Aquatic plants are frequently exposed to low-levels of agricultural herbicides at
concentrations less than those known to cause adverse effects in the laboratory. Laboratory studies have shown that low levels of herbicide
exposure can actually increase growth rates of aquatic plants due to physiological stress adaptations. Scientists from the U.S. Geological Survey
and the University of Manitoba studied whether low levels of herbicides in aquatic systems may actually aid non-native invasive aquatic plants,
allowing them to out-compete or displace more desirable native aquatic plant species. Researchers studied the effects of atrazine herbicide on
both native and non-native, invasive aquatic plants in experimental ponds over a period of 42 days. Results confirmed that lower levels of
atrazine could actually stimulate growth of some invasive species. Some invasive aquatic plant species were less sensitive to atrazine than a
common native aquatic plant species. Although the invasive species did not totally displace the native species, the results indicate that some
herbicides may have the unintended consequence of benefiting non-native invasive species that may compete with native aquatic plant species.
Aquatic plants are critical components of aquatic ecosystems by providing habitat and energy sources for many fish and invertebrates. For more
information, contact James F. Fairchild at jfairchild@usgs.gov or 573-876-1871. SETAC presentation is on Wednesday, Nov. 8, 10:20
a.m., Room 516AB, Palais de Congrès.


Wastewater Issues Get Wormy:  Recent research indicates that earthworms may be an important initial step by which organic contaminants
could enter the terrestrial food web. Wastewater treatment plants process millions of gallons of mixed solid and liquid human waste daily,
returning treated effluent to surface and ground water and disposing of the residual sludge.  Roughly half of the many thousands of dry tons of
treated sludge (usually referred to as biosolids) generated annually in the U.S. are applied to agricultural soils as a nutrient-rich soil
amendment.  Recent USGS research has identified a wide variety of organic contaminants (such as disinfectants, pharmaceuticals, synthetic
fragrances, and plasticizers) that can be present in biosolids, often in concentrations tens to thousands of times higher than found in treated
liquid waste.  One concern related to the practice of land application of biosolids is whether any of these organic contaminants find their way
into soil-dwelling organisms.  To address this concern, USGS and Eastern Washington University scientists collaborated on a study of
earthworms collected from agricultural soils in the Midwest and Western United States that had been exposed to land-applied biosolids.  The
samples were  analyzed for a diverse array of pharmaceuticals and other organic contaminants (77 target compounds were measured).  Soil and
earthworm samples were collected from select agricultural fields early and late in the growing season.  Thirty-one compounds including
triclosan (household disinfectant), several fragrances, caffeine, and fluoxetine (the antidepressant Prozac) were detected in earthworms from
biosolid-applied fields, with tissue concentrations ranging from 100's to 1000's of micrograms per kilogram (parts per billion). These results
demonstrate that earthworms can accumulate a range of these chemically diverse organic contaminants within their tissues, and may be an
important initial step by which these compounds could enter the terrestrial food web.  For more information contact Ed Furlong, USGS, at
efurlong@usgs.gov or 303-236-3941, and Chad Kinney, Eastern Washington University, at ckinney@mail.ewu.edu or 509-359-7932.
SETAC presentation is on Thursday, Nov. 9, 4:10 p.m., Room 516 AB, Palais de Congrès.


Toxicity Tests for Endangered Mussels: The United States is home to more mussel species than any other country in the world. Despite the
diversity of mussels found in the country, no other widespread group of animals in North America is as imperiled or has faced as many
extinctions. The abundance and variety of mussels have declined sharply over the past century, but the cause of mussel decline is not well
understood. Researchers at the USGS-Columbia Environmental Research Center, in cooperation with other government agencies, academia, and
private industry, are developing the first standardized toxicity tests using several life stages of freshwater mussels to assess the effects that
pollution may have on these declines. Mussels are filter feeders that readily accumulate toxins. Results of this ground-breaking work indicate
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that water quality criteria for individual chemicals established for the protection of aquatic organisms may not be adequately protective of
sensitive stages of freshwater mussels. For more information, contact Ning Wang, nwang@usgs.gov or 573-441-2946. SETAC
presentation is on Thursday, Nov. 9, 8 a.m.-7 p.m., Exhibit Hall,  Palais de Congrès. Poster # 1056


Toxic Tango: Interactions of Mercury and Selenium on Bird Embryos: Mercury and selenium are common environmental contaminants that
sometimes occur together at elevated levels in bird eggs. Both have been associated with reproductive impairment in birds, in particular by
embryonic death and deformities. Although a lot is known about the toxicity of these two contaminants by themselves in eggs, little is known
about potential toxic interactions when they occur in the same egg. USGS research indicates that combining the contaminants had a worse effect
on mallard embryos than either one did separately. Follow-up studies, however, revealed that combined effects of these two contaminants may
vary by species and exposure amount. For more information, contact Gary Heinz at gary_heinz@usgs.gov or 301-497-5711. The SETAC
presentation is on Wednesday, Nov. 8, 10 a.m., Room 511AD, Palais de Congrès.


Contaminants Affect Over-Winter Survival of Swallows: The effects of chronic contaminant exposure on over-winter survival of birds are
largely unknown. These studies are difficult to carry out because suitable bird species may not occur in contaminated locations, there may be
insufficient number of breeding birds, they may be difficult to capture, or the species may to too long-lived to study within a reasonable time. 
Tree swallows overcome many of these research problems.  Large numbers of breeding birds can be attracted to a site because they will readily
nest in man-made nest boxes.  They are also relatively easy to capture, return to the same breeding site year after year, and are short lived.  The
Housatonic River in western Massachusetts is extremely contaminated with polychlorinated biphenyls (PCBs) and PCB concentrations in
swallow eggs are associated with decreased reproductive success.  USGS researchers studied the effect on over-winter survival of chronic
exposure to PCBs for 5 years on the Housatonic River to determine if adult swallow survival was reduced in this highly contaminated
environment. Researchers found that annual over-winter survival was reduced significantly by about 5 percent in females that nest at the most
contaminated sites.  For more information contact Christine M. Custer, ccuster@usgs.gov or 608-781-6247. SETAC presentation is on
Monday, Nov. 6, 2:10 p.m., Room 517 B, Palais de Congrès.


Fungicides: Analysis, Fate, and Toxicity: The recent spread of Asian soybean rust to North America has increased interest in fungicides to
combat this scourge. Despite decades of agricultural and urban use, relatively little data are available on the fate and effects of fungicides in the
aquatic environment. One of the most used fungicides in the United States, chlorothalonil, has been used for over 50 years for a variety of
applications. Other fungicides (azoxystrobin, myclobutanil, propiconazole, pyraclostrobin, and tebuconazole) have been recently registered for
treatment of soybean rust and are rapidly increasing in use. Some of these fungicides are highly toxic to fish and other aquatic life. Fungicides
are often not included in monitoring programs, although fungicides and their degradates have been detected in water, sediments, air and rainfall
at concentrations that can cause adverse effects to aquatic organisms. Effective monitoring of fungicide concentrations is required to understand
if increasing use will result in increasing stream concentrations.  The focus of this session will range from older fungicides such as chlorothalonil
to newer fungicides such as the triazoles and strobilurins. Topics will include analysis of fungicides and their degradates, environmental
occurrence, degradation pathways, modes of action, and toxicity to aquatic organisms. For more information, contact Kathryn Kuivila at
kkuivila@usgs.gov or 916-278-3054. The symposium, which is sponsored by the U.S. Geological Survey and Mississippi State Chemical
Laboratory, will take place on Wednesday, Nov. 8, in room 510 BD, Palais de Congrès, from 8:00 - 11:40 a.m.


How Much is Too Much? Mercury Thresholds for Common Loon Eggs: Assessing the ecological risk of mercury exposure to fish-eating
wildlife is a priority issue for federal and state resource management agencies. Atmospheric mercury deposition has increased due to industrial
activities exposing fish-eating wildlife populations in New England, coastal Atlantic states, the Southeast and the Upper Midwest to elevated
mercury in their prey. The USGS, Wisconsin Department of Natural Resources, and the University of Wisconsin have conducted research to
generate a scientifically defensible common loon/mercury risk assessment model. The work focused on the common loon because this species is
sensitive to the toxic effects of mercury and has the greatest risk of mercury exposure among wildlife species on inland (non-marine) North
American aquatic systems. A critical component of the model is determining the level of mercury in loon eggs that poses a population level
risk.  In 2005 and 2006, researchers conducted a study to better characterize methylmercury exposure in eggs of Wisconsin common loons and
to determine the level of exposure in eggs that reduces fitness and survival of loon embryos and resultant chicks. Blood mercury levels in a
sample of Wisconsin loon chicks indicated mercury exposure in some chicks rivaled that of adult birds during the breeding season. Blood
mercury concentrations rapidly declined in growing chicks, such that by six weeks of age blood mercury levels were about 6 percent of levels at
hatch. Reduced embryo survival was evident at an egg content concentration of mercury that is representative of what is often found on low pH
lakes in northern Wisconsin, although sample sizes are small.  For more information, contact Kevin Kenow at kkenow@usgs.gov or 608-
781-6278. SETAC presentation is on Wednesday Nov. 8 at 8:40 a.m., Room 511 AD, Palais de Congrès.
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Municipal Wastewater Treatment: A Novel 
Opportunity to Slow the Proliferation of 
Antibiotic-Resistant Bacteria?


by Timothy M. LaPara, Sara J. Firl, Leslie J. Onan, Sudeshna Ghosh, Tao Yan, and Michael J. Sadowsky


The discovery of antibiotics and 
their subsequent application to 
clinical medicine is one of the 


outstanding scientific achievements of 
the twentieth century. The tale of how 
antibiotics were discovered is one of 
scientific legend: Sir Alexander Fleming 
astutely recognized that a contami-
nated Petri dish actually contained a 
bacteria-killing mold. For his discovery 
of penicillin, Fleming shared the 1945 
Nobel Prize in physiology/medicine with 
Sir Howard Florey and Ernst B. Chain.


The unique feature of penicillin (and 
other antibiotics) is not merely that it kills 


bacteria—there are many compounds that 
have such a capability—but that it specifi-
cally affects bacteria. This key feature is 
absolutely critical for the medical appli-
cation of antibiotic therapy. Antibiotics 
administered to humans are lethal to 
disease-causing bacteria but do not impact 
the patient. This is possible because anti-
biotics act on features of the bacterial cell 
that are absent in humans. For example, 
penicillin prevents the formation of 
new bacterial wall materials; human 
cells do not even contain a cell wall. 


During the last half-century, antibi-
otics have become pervasive in human 


medicine. Since the discovery of peni-
cillin, a plethora of new antibiotics, 
semi-synthetic antibiotics, and synthetic 
antibiotics (antibacterials) have been 
discovered or developed (Table 1). These 
new drugs target different features of 
bacterial physiology, thus expanding 
the range of bacterial species that can 
be successfully treated with antibiotics. 
Antibiotics are also used extensively in 
agriculture and for other non-medical 
purposes. Low doses of antibiotics 
are often included in animal feed to 
promote growth and increase weight 
gain, as well as prevent the onset of 


Photo ©
 The Regents of the U


niversity of M
innesota, 2006. U


sed w
ith perm


ission of the M
etropolitan D


esign C
enter.


Located on the Mississippi River in St. Paul, the Metropolitan Wastewater Treatment Facility is the largest treatment plant in 
Minnesota, averaging 180 million gallons of wastewater daily from 62 communities and 800 industries.
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disease. Although reliable estimates are 
difficult to obtain, most scientists believe 
that approximately 70% of all antibi-
otics are used for agricultural purposes. 


In this article, we report on a 
research project that investigated the 
role of municipal wastewater treat-
ment facilities in the spread or control 
of antibiotic-resistant bacteria. The 
project was supported by a grant from 
CURA’s Faculty Interactive Research 
Program, as well as grants from the 
Undergraduate Research Opportunity 
Program at the University of Minnesota. 
We hypothesized that the disinfection 
processes most treatment facilities use 
would adequately inactivate antibi-
otic-resistant bacteria in wastewater. 
However, our research suggests that 
treatment facilities, which are primarily 
designed to protect water quality, 
do not adequately prevent resistant 
bacteria from being released into the 
environment. We conclude that rela-
tively simple changes in the design, 
operation, and regulation of municipal 
wastewater treatment facilities could 
substantially reduce the release of these 
bacteria and, we hope, slow the prolif-
eration of antibiotic resistance among 
bacteria appearing in clinical patients.


A Brief History of Antibiotic Resistance
Antibiotic-resistant bacteria were 
discovered soon after the medical use 
of penicillin began. At the time, the 
development of resistant bacteria was 
largely viewed as inconsequential. If a 
patient had an infection that a resistant 
bacterium caused, then an alternative 
antibiotic was always available for effec-
tive treatment. However, some fore-
sighted scientists warned of the pending 


problem of antibiotic resistance. In his 
Nobel acceptance speech, Alexander 
Fleming himself cautioned doctors about 
the danger of giving an “underdosage” 
of penicillin, noting: “It is not difficult 
to make microbes resistant to penicillin 
in the laboratory by exposing them to 
concentrations not sufficient to kill 
them, and the same thing has occasion-
ally happened in the body .  .  . Moral: 
If you use penicillin, use enough.”


The pioneering work of Stuart Levy 
in the 1970s was also informative. Levy 
was concerned that antibiotic use in 
agriculture at subtherapeutic concen-
trations could lead to the proliferation 
of antibiotic resistance. His research 
demonstrated that tetracycline-resis-
tant bacteria were present in the drop-
pings of chickens within one week after 
tetracycline was included in their feed. 
More alarming, however, the bacteria 
in chickens that were fed only tetra-
cycline became resistant to multiple 
antibiotics within two weeks. Finally, 
multiple-antibiotic-resistant bacteria 
dominated the fecal material of farmers 
working with these chickens within five 
months, even though the farmers had 
received no antibiotics during the study.


It was not until the 1980s, however, 
when a multiple-drug-resistant form 
of tuberculosis emerged, that scientists 
became concerned about antibiotic 
resistance. Multiple-drug resistance 
soon appeared among other patho-
gens, particularly among nosoco-
mial (hospital-acquired) infections. 
Today, 40% to 60% of nosocomial 
Staphylococcus aureus infections are 
methicillin resistant. The problem of 
antibiotic-resistant bacteria is particu-
larly significant for immunodeficient 


patients, who are susceptible to a 
broader array of pathogens, many of 
which are multiple-drug resistant.


Many believe that the problem is 
linked to excessive antibiotic use in 
hospitals, making them a “hot spot” 
for resistant bacteria. Unfortunately, 
mounting evidence refutes this perspec-
tive. Community-acquired methi-
cillin-resistant Staphylococcus aureus is 
becoming far more prevalent, particu-
larly at public gymnasiums, where insuf-
ficiently sanitized towels are prevalent.


The Development of Antibiotic 
Resistance in Bacteria
The simplest method by which bacteria 
become resistant to antibiotics is via a 
point mutation of the deoxyribonucleic 
acid (DNA) within their genome. Point 
mutations are typically lethal to the 
bacterium or have no effect, but on rare 
occasions these mutations are beneficial 
(from the bacterium’s perspective) and 
allow the organism to become resistant 
to antibiotics. Point mutations, however, 
are not the major concern with respect 
to antibiotic resistance. This form of 
bacterial evolution is slow and random, 
and it is unlikely that bacteria could 
rapidly achieve resistance to multiple 
antibiotics via point mutations alone.


Ultimately, the proliferation of 
antibiotic resistance is caused by the 
propagation of specific genes that allow 
bacteria to defy the lethal effects of 
antibiotics. These antibiotic resistance 
genes are probably not new, but likely 
result from millions of years of evolu-
tion, during which time bacteria have 
developed many mechanisms to survive 
the dangers that the world thrusts upon 
them. Certainly, many of these genes 
were specifically developed to coun-
teract antibiotics, which are, after all, 
naturally occurring compounds. Many 
antibiotic resistance genes, however, 
likely are subtle adaptations of genes 
that provide protection against other 
toxic compounds. For example, there 
is a strong correlation between genes 
that encode for resistance to heavy 
metals and antibiotic resistance genes.


The existence of antibiotic resis-
tance genes, however, is insufficient to 
explain the global proliferation of resis-
tance. Bacteria also harbor other genes 
that are specifically designed to help 
bacteria rapidly evolve—genes desig-
nated as evolution genes by 1978 Nobel 
Prize winner Werner Arber. Evolution 
genes allow bacteria to rapidly develop 
new genes (usually by manipulating 
preexisting genes) and to spread them 


Class Representative Drug(s)


b-lactams Penicillin, Amoxicillin, Methicillin


Aminoglycosides Streptomycin, Neomycin, Kanamycin, Gentamicin


Macrolides Tylosin, Erythromycin


Ketolides Telithromycin


Tetracycline Tetracycline, Oxytetracycline


Lincosamides Clindamycin


Ansamycins Rifampin


Glycopeptides Vancomycin


Quinolones/fluoroquinolones Nalidixic acid, Ciprofloxacin


Sulfonamides Sulfamethoxazole


Table 1. Major Classes of Antibiotics and Antibacterials, and Representative Drugs in 
Each Class
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throughout the bacteria population. 
The evolution genes that allow lateral 
gene transfer are perhaps the most 
important class of evolution genes 
with respect to antibiotic resistance. 
Lateral gene transfer is the exchange 
of genetic material between different 
bacteria; it allows bacteria to share their 
abilities to resist antibiotics. This is 
believed to be the principal mechanism 
by which similar resistance genes are 
found throughout the world among 
many different species of bacteria.


During the last 20 years, scientists 
have also recognized the importance 
of integrons, another type of evolution 
gene. Integrons are responsible for 
integrating resistance genes into the 
genomes of bacteria, and then control-
ling the expression of these resistance 
genes. Because of this unique ability, 
integrons can be viewed as a genetic 
“luggage rack” in which different genes 
can be kept until they are needed. Inte-
grons are a key component in the devel-
opment of multiple-antibiotic-resistant 
bacteria because they allow bacteria to 
easily accumulate numerous genes. 


Responding to Antibiotic Resistance
Although scientists have known about 
antibiotic-resistant bacteria for almost 
as long as they have known about 
antibiotics, the assumption was that 
new antibiotics would be discovered 
or developed faster than bacteria could 
become resistant. The discovery of 
new antibiotics, however, has slowed 
substantially since the 1960s. In fact, 
most “new” antibiotics are merely 
subtle modifications of previously 
existing ones and have little impact 
on bacteria that are already resistant.


During the last decade, therefore, 
there has been a considerable effort 
to restrict antibiotic use to only those 
applications where antibiotics are appro-
priate. Physicians are now reminded to 
avoid prescribing antibiotics for viral 
infections such as influenza and the 
common cold. Likewise, patients are 
carefully instructed to follow prescrip-
tion guidelines so that enough of the 
drug is administered to limit the devel-
opment of resistant bacteria. There 
is also increasing pressure to limit or 
eliminate non-medical use of antibiotics 
and antibacterials. As noted above, a 
substantial fraction of all antibiotics are 
used in agriculture at subtherapeutic 
concentrations. Although the United 
States appears to be far from prohibiting 
this practice, the European Union is 
banning subtherapeutic antibiotic use 


in agriculture in 2006. Although more 
controversial, many scientists—led by 
the Alliance for the Prudent Use of Anti-
biotics—are recommending the elimina-
tion of triclosan and other antibacterials 
from liquid hand soap, toothpaste, 
and other common household items. 


A New Paradigm: Resistance Control?
The current situation with respect to 
antibiotic resistance is bad and the 
future is bleak. The discovery of new 
drugs has slowed to a trickle—a problem 
that will only worsen as pharmaceu-
tical companies devote a greater frac-
tion of their research and development 
budgets to less essential drugs (e.g., 
Botox, Viagra). Simultaneously, the 
ever-increasing use and misuse of anti-
bacterials in common household prod-
ucts can only exacerbate the problem.


From our perspective, current 
efforts to reduce the spread of antibiotic 
resistance are an excellent first step. 
Certainly, our historically indiscrimi-
nate use of antibiotics needs to end. 
The more important issue is to identify 
novel approaches to limit the spread of 
antibiotic resistance. Our intention in 
undertaking this research, therefore, was 
to take a different approach to solving 
the problem of antibiotic resistance. 
We started by asking some simple yet 
fundamental questions about the prolif-
eration of antibiotic-resistant bacteria. 


First, where do the majority of 
antibiotic-resistant bacteria origi-
nate? Certainly, many bacteria are 
naturally resistant, but the majority 
of antibiotic-resistant bacteria result 
from antibiotic use. Therefore, people 
and animals taking antibiotics are 
most likely the primary source of 
antibiotic-resistant bacteria.


Second, how do resistant bacteria 
spread throughout the world after 
they originate inside a person? 
Humans actually contain about 10 
times more bacterial cells in their 
bodies than they do human cells. 
The overwhelming majority of these 
bacterial cells reside in our gastroin-
testinal tracts, and most are released 
from the body during defecation.


Having asked and answered these 
two simple questions, we then inferred 
that municipal wastewater treatment 
plants, which handle virtually all 
human toilet waste in large municipali-
ties (in rural areas, septic systems are 
more commonly used), would be critical 
in reducing the spread of antibiotic 
resistance. We hypothesized that munic-
ipal wastewater treatment facilities 


could adequately control the release of 
antibiotic-resistant bacteria to the world.


Municipal Wastewater Treatment 
Facilities: How Do They Work?
Municipal wastewater treatment facili-
ties are primarily designed and operated 
to protect the environment. Municipal 
wastewater treatment facilities remove 
readily biodegradable compounds from 
sewage. Although there is relatively little 
in human sewage that is toxic, these 
biodegradable compounds are of envi-
ronmental concern because if they were 
released untreated, they would biode-
grade in the environment, resulting 
in oxygen depletion leading to septic 
conditions. Municipal wastewater treat-
ment facilities, therefore, allow surface 
waters to maintain high dissolved 
oxygen levels, improving their aesthetic 
and recreational use value, as well as 
their ability to support healthy popula-
tions of fish and other aquatic fauna.


Although all municipal wastewater 
treatment facilities are unique, most are 
similar in design and involve a common 
series of unit operations (Figure 1). The 
first few unit operations, called primary 
treatment, are designed to remove 
particles from the wastewater. The bar 
rack removes large particles (greater 
than 1 inch), whereas the grit chamber 
removes sand and other dense, rapid-
settling particles. The primary clarifier 
is a quiescent settling zone that allows 
organic particles to settle or float so that 
they can be removed. These primary 
treatment operations account for about 
50% of the treatment that occurs.


The next unit operation, the aera-
tion tank, is designed to remove 
dissolved organic compounds (which 
are readily biodegradable) from the 
wastewater by creating conditions favor-
able for the growth of bacteria. The 
tank works by bubbling air through 
the wastewater, allowing bacteria to 
metabolize pollutants that are present. 
Because these bacteria grow in exces-
sive quantities, they must be removed 
from the wastewater. This is accom-
plished by the next unit operation, 
which is a quiescent settling chamber 
called the secondary clarifier. The 
combination of the aeration tank and 
the secondary clarifier is called the 
activated sludge process, which is the 
most common technology for the 
secondary treatment of wastewater.


Following primary and secondary 
treatment, the quality of municipal 
wastewater is quite good—not yet 
potable (i.e., safe to drink), but often 
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as good as or better than the quality 
of many lakes and rivers. This treated 
wastewater, however, still contains 
pathogenic bacteria that could make 
people sick if they accidentally ingested 
the water. Municipal wastewater treat-
ment facilities, therefore, perform a final 
treatment step in which the treated 
wastewater is disinfected to help reduce 
the number of disease-causing microbes. 


Disinfection is required only when 
recreational use of the receiving stream 
is a reasonable expectation. In Minne-
sota, for example, wastewater treatment 
facilities usually disinfect their waste-
water only from April to November.


In addition to treating the waste-
water, municipal wastewater treat-
ment facilities must deal with the 
solid residues that the primary and 


secondary clarifiers collect. These 
solid residues are readily biodegrad-
able organic materials that are most 
commonly treated by a process called 
anaerobic digestion. The conventional 
anaerobic digestion process, which 
largely mimics our gastrointestinal 
tracts (hence the “digestion” nomen-
clature), is kept free of oxygen and 
operated at 98.6°F. Following digestion, 


Bar
Rack


Grit
Chamber


Primary
Clarifier


Aeration
Tank


Secondary
Clarifier


Seasonal
Disinfection


Discharge
Stream


Cell Recycle


Solids Disposal


Untreated
Wastewater


Figure 1. Schematic Diagram of a Conventional Municipal Wastewater Treatment Process 


Note: Individual unit operations are labeled in bold lettering.


An aeration tank at a municipal wastewater treatment plant. The tank removes dissolved organic compounds by bubbling air 
through the wastewater, creating favorable conditions for the growth of bacteria that are capable of metabolizing pollutants.


Photo courtesy of Tim
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the treated wastewater solids are either 
applied to farmland as a fertilizer and 
soil conditioner, or sent to a landfill 
for disposal. The former alternative 
is preferred as a “sustainable” prac-
tice, whereas landfill space is finite.


Because anaerobic digestors operate 
at conditions similar to the human 
body, they are not particularly good 
at eliminating human pathogens. 
Numerous alternative treatment 
technologies, therefore, have been 
developed to better treat wastewater 
solids. All of these alternative treat-
ment technologies are more expensive, 
however, and thus municipalities do 
not frequently use them. Perhaps the 
most attractive treatment alternative 
is thermophilic anaerobic digestion, 
which operates almost identically to 
conventional anaerobic digestion, 
except that it operates at sufficiently 
high temperatures (greater than 110°F) 
to kill most human pathogens.


Methodology and Analysis
The first goal of our project was to deter-
mine the extent to which municipal 
wastewater treatment facilities prevent 
the release of antibiotic-resistant 
bacteria. There are two potential paths 
by which antibiotic-resistant bacteria 
can escape a municipal wastewater treat-
ment facility. The most obvious is in the 
treated wastewater. Our research, there-
fore, investigated the importance of 
secondary clarification and disinfection 
in preventing the release of antibiotic-
resistant bacteria from the aeration tank. 
Resistant bacteria could also be released 
in the solids collected during primary 
treatment and from the secondary clari-
fier. Our research, therefore, compared 
the effectiveness of two variations 
of conventional anaerobic digestion 
and thermophilic anaerobic diges-
tion at destroying resistant bacteria.


We investigated the efficacy of 
wastewater disinfection at the Metropol-
itan Wastewater Treatment Facility in St. 
Paul. This facility is very large, treating 
an average of 180 million gallons of 
sewage each day. Typically, the quality 
of treatment from the Metropolitan 
plant is top-notch, and the facility regu-
larly wins state and national awards 
for operational excellence. Throughout 
the year, we quantified about 100,000 
(105) tetracycline-resistant bacteria 
per milliliter of water in the aeration 
tanks at the Metropolitan plant. From 
the treated wastewater, we quantified 
about 300 tetracycline-resistant bacteria 
per milliliter in the winter (i.e., when 


disinfection was not performed) and 
about 30 tetracycline-resistant bacteria 
per milliliter during the summer (i.e., 
during the disinfection period). That is, 
about 99.6% and 99.97% of the resis-
tant bacteria in the aeration tanks are 
removed in the winter and summer, 
respectively. Although this removal 
efficiency might seem sufficient, 30 
bacteria per milliliter translates to more 
than 10 trillion (1013) tetracycline-resis-
tant bacteria released each day from this 
treatment facility into our waterways.


We also investigated the efficacy 
of anaerobic digestion at the Western 
Lake Superior Sanitary District (thermo-
philic process) and the Empire Waste-
water Treatment Facility (conventional 
process), which are located in Duluth 
and Farmington, respectively. Both of 
these plants have also earned awards 
for operational excellence. We again 
detected about 100,000 (105) tetracy-
cline-resistant bacteria per milliliter in 
the waste stream entering the anaerobic 
digestors at each of these treatment 
facilities. However, we were unable to 
detect any tetracycline-resistant bacteria 
in the waste stream leaving the anaer-
obic digestors at these two treatment 
facilities, in part because the research 
method we used is unable to detect 
levels of tetracycline-resistant bacteria 
below 1,000 (103) per milliliter of sludge 
solids. However, this suggests that both 


anaerobic digestion processes were able 
to inactivate at least 99% of antibiotic-
resistant bacteria. We are currently 
attempting to develop an alternative 
technique to measure the efficiencies 
by which these anaerobic digestors 
inactivate antibiotic-resistant bacteria. 


The second goal of our research 
was to characterize the antibiotic-
resistant bacteria in sewage. From the 
three treatment facilities, we isolated 
and identified 173 bacterial strains 
that were resistant to tetracycline. 
All of these bacterial strains were 
pathogenic (disease-causing—e.g., 
Shigella or Klebsiella spp.), possibly 
pathogenic (e.g., Escherichia coli), 
or non-pathogenic but related to 
pathogens (e.g., Citrobacter spp.). In 
more than 50% of these bacteria, 
we also detected at least one gene 
encoding for tetracycline resistance. 


Based on these initial data, we then 
studied 14 different tetracycline-resis-
tant bacterial strains in more detail. All 
14 of these strains contained an inte-
gron and were resistant to at least three 
different antibiotics (we tested resistance 
to amoxicillin, ampicillin, chlortetra-
cycline, enrofloxacin, erythromycin, 
sulfamethoxazole, trimethoprim, and 
tylosin). We also tested these bacteria 
for lateral gene transfer. Although 
this work is still ongoing, many of 
these bacterial strains are capable of 


Bacteria growing on petri dishes that include disks treated with the antibiotic 
tetracycline. The bacteria growing on the left petri dish were obtained from treated 
wastewater and are resistant to tetracycline, as shown by the ability of the microbes 
to grow near the white disk. The bacteria growing on the right petri dish are a 
tetracycline-sensitive strain of E. coli. The circular ring around the disk shows that 
these microbes cannot grow in the presence of tetracycline. 
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exchanging with other bacteria a gene 
encoding for tetracycline resistance.


Following our work on tetracycline-
resistant bacteria, we isolated an addi-
tional 65 different bacteria that were 
resistant to ciprofloxacin. Ciprofloxacin 
is a relatively new antibiotic and there 
is not much known about bacterial 
resistance to it. Once again, we found 
that all of these bacterial strains were 
pathogenic, possibly pathogenic, or 
related to pathogens. We then focused 
our efforts on 11 of these strains, all 
of which were resistant to at least four 
different antibiotics. About half of 
these strains contained an integron 
or a gene encoding for resistance to 
tetracycline. Although this work is also 
ongoing, our analysis revealed that 
several of these strains were capable of 
laterally exchanging genes encoding 
for resistance to ciprofloxacin.


Conclusion and Policy 
Recommendations
Our research has demonstrated that 
extremely high numbers of antibiotic-
resistant bacteria are released from 
municipal wastewater treatment plants, 
even when disinfection is performed. 
Our original hypothesis was that disin-
fection would adequately inactivate 
antibiotic-resistant bacteria in treated 
municipal wastewater, and that an 
outcome of our work would be to 
encourage the implementation of year-
round disinfection. Instead, we learned 
that although a 99% inactivation looks 
encouraging, 1% of a very large number 
(1015, or 1 quadrillion) still represents a 
very large number (1013, or 10 trillion) 
of antibiotic-resistant bacteria that are 
released from the Metropolitan Waste-
water Treatment Facility each day.


The bacteria that we studied were all 
pathogens or related to pathogens and 
all were resistant to multiple antibiotics. 
A substantial fraction of these bacteria 
(greater than 50%) harbored genes 
encoding for tetracycline resistance. 
These bacteria frequently harbored 
integrons (genes that allow bacteria to 
accumulate multiple genes for antibi-
otic resistance) and some of them were 
capable of transferring their resistance 


to other bacteria. The frequency of 
lateral gene transfer of ciprofloxacin 
resistance, which occurred in more than 
40% of the strains we studied, is particu-
larly worrisome because this trait is 
typically very rare (less than 1%) among 
clinical strains of ciprofloxacin-resistant 
E. coli. Simply put, the bacteria that 
we detected in municipal wastewater 
are some of the most resistant bacteria 
ever studied. There is a substantial 
need, therefore, to prevent these organ-
isms from reaching the environment.


At first glance, the most obvious 
solution to the problem of antibiotic-
resistant bacteria in treated municipal 
wastewater would be to require more 
stringent disinfection. The majority 
of municipal wastewater is disinfected 
using chlorine, which poses a security 
risk (chlorine gas is very dangerous) 
and generates disinfection by-prod-
ucts that are known or suspected 
carcinogens. Although we recommend 
a policy shift to include year-round 
wastewater disinfection, we do not 
recommend that more stringent disin-
fection regulations be imposed because 
of these unwanted consequences. 


Instead, we recommend that waste-
water effluents be passed through a 
sand filter prior to disinfection. Sand 
filters can physically remove antibi-
otic-resistant bacteria from treated 
wastewater, but without the use of 
potentially dangerous chemicals. At 
the present time, sand filters are rarely 
used in wastewater treatment, but they 
are commonly used at drinking water 
treatment facilities, so the technology 
is well-developed and well-understood. 
Additional research is needed, however, 
to optimize the removal/inactiva-
tion of antibiotic-resistant bacteria by 
our proposed combination of sand 
filtration and effluent disinfection. 


Although our research on the 
fate of antibiotic-resistant bacteria 
in anaerobic digestors was incon-
clusive due to the limitations of our 
research method, we suspect that our 
ongoing research will demonstrate 
that thermophilic anaerobic digestors 
achieve substantially better inactiva-
tion efficiencies than conventional 


technologies. This ongoing research 
is particularly pertinent because of a 
recent shift in policy that emphasizes 
the application of treated wastewater 
solids to land rather than putting 
these residues into landfills—that is, 
the “environmental friendly” practice 
of applying wastewater solids to land 
may have unexpected and undesirable 
consequences in terms of the prolifera-
tion of antibiotic-resistant bacteria. 
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A Microscopic Arms Race: 
The Battle Against Antibiotic Resistance


LAURA STERNICK ‘08


 In 1928, bacteriologist Alexander Fleming noticed 


that a culture of staphylococcus bacteria had been 


contaminated by mold.  This rather mundane event stirred 


Fleming’s curiosity when he noticed that the mold was 


dissolving the bacteria it touched.  Fleming cultured 


the mold and found that it produced a substance that 


could kill several disease-causing bacteria (1), including 


pneumococci, streptococci, meningococci, and gonococci 


(2).  He named the substance–the first antibiotic–penicillin, 


after the Penicillium mold that produced it (3).  It would 


be the first of many antibiotics to revolutionize the field 


of medicine.  After 


the discovery, Howard 


Florey and Ernst Chain 


studied penicillin’s 


properties and developed 


the first antibiotic drugs.  


Penicillin was in mass 


production by the 1940s 


(1).  Fleming, Florey, and 


Chain shared the Nobel 


Prize in Medicine in 


1945 “for the discovery 


of penicillin and its 


curative effect in various 


infectious diseases” (4). 


The development of 


antibiotics is widely 


considered to be one 


of the greatest public 


health achievements 


of the past century.  The use of antibiotics has led to a 


massive improvement in the treatment of infectious 


bacterial diseases and has made invasive surgical 


procedures much safer to perform.  However, the efficacy 


of antibiotics has encouraged overuse.  Doctors would 


prescribe them to treat minor infections, for which 


antibiotics are unnecessary.  Moreover, livestock breeders 


give antibiotics to their animals in order to protect them 


from disease.  The overuse of antibiotics has led to the 


evolution of resistant strains of bacteria.  Strains now 


exist that elude even the strongest antibacterial agents.  


The World Health Organization estimates that two million 


people in the United States are infected with antibiotic-


resistant bacteria, resulting in the deaths of 14,000 each 


year (5).  Once an indispensable weapon in the fight 


against disease, antibiotics have ushered in a new public 


health threat.


 A recent article in Scientific American describes a 


report from Colorado State University about the presence 


of DNA that promotes antibiotic resistance in drinking and 


non-drinking water.  Amy Pruden, the primary author of 


the study, chose to look for the genes that create antibiotic 


resistance, rather than for antibiotics themselves since 


this approach provided more accurate information about 


the amount of antibiotic resistance in these water sources.  


DNA samples were obtained from bacteria found in 


bodies of water in northern Colorado.  The researchers 


looked for genes that conferred resistance to tetracycline 


and sulfonamide to bacterial hosts.  According to the 


report, bodies of water 


in close proximity to 


urban areas or farming 


regions had levels of 


drug-resistance genes 


that were hundreds 


to thousands of times 


higher than those of 


isolated bodies of water.  


However, antibiotic 


resistance genes were 


found in every water 


source tested (5).  


 The study links the 


increase in antibiotic 


resistance to the 


overuse of drugs in 


humans and animals.  


According to Scientific 


American, “up to 95 


percent of antibiotics are excreted unaltered, seeping 


into the environment and possibly encouraging antibiotic 


resistance there” (5).  Microbes that are able to survive the 


dose of antibiotics that they encounter will be selected for 


survival.


 The presence of antibiotic resistance genes in 


drinking water is particularly troubling.  Water filtration 


systems are designed to remove bacteria and toxic 


minerals, rather than DNA, which can pass through 


undetected.  Pruden and her team are currently working to 


develop water treatment methods using ultraviolet light, 


peroxides, or both to clean up contaminated water (5).  


Others are working to prevent antibiotics from reaching 


water sources in the first place.  A movement to end the 


use of antibiotics in livestock is gaining momentum.  


In Europe, a January 2006 law made it illegal to give 


antibiotics to animals for nontherapeutic purposes.  The 


antibiotic avoparcin, a relative of vancomycin, has been 


Electron micrograph depicting large numbers of Staphylococcus aureus bacteria, found 


on the luminal surface of an indwelling catheter.  The sticky looking substance is 


composed of polysaccharides, and is known as “biofilm.”  This biofilm has been found 


to protect the bacteria from attacks by antimicrobial agents such as antibiotics.  Image 


magnified 2363x.    Image Couresy of CDC/Rodney M. Donlan, Pd.D.; Janice Carr
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outlawed since its overuse was correlated significantly 


with an increase in vancomycin resistance in microbes in 


the human intestine (6).


 But antibiotic resistance threatens more than 


our water supplies.  Hospitals have become breeding 


grounds for antibiotic-resistant bacteria.  These strains 


are associated with increased lengths of stay, higher costs, 


and mortality (7). According to data from the Centers for 


Disease Control and Prevention (CDC), the proportion of 


infections that are resistant to antibiotics has increased 


(7).  One such strain is known as methicillin-resistant 


Staphylococcus aureus (MRSA), which has become 


more common in recent years. In 1974, MRSA infections 


represented 2% of the total number of staphylococcus 


infections; in 1995 it was 22%; in 2004 it was about 


63% (8).  Ironically, it was S. aureus that was killed by 


penicillin in Fleming’s original culture (3).


The most common sources of MRSA in hospital 


settings are patients who are infected with MRSA but who 


do not display symptoms.  It is transmitted to others most 


commonly by healthcare workers who come into contact 


many patients and families each day.  Individuals most 


susceptible to MRSA infection are those with severe 


disease, particularly those with compromised immune 


systems.  Groups with the highest infection rates include: 


individuals recovering from surgery, individuals who 


have internal medical devices, such as urinary catheters, 


and hospitalized patients. (7).


In terms of pathology, MRSA produces different 


symptoms in patients compared to methicillin-susceptible 


S. aureus (MSSA) strains.  Individuals with MRSA 


infections are more likely to develop symptomatic 


infections.  Higher fatality rates are also associated 


with MRSA infections, compared to MSSA infections.  


A number of studies offer explanations for these 


observations.  One suggested that the delayed delivery of 


vancomycin, which is considered the “last-hope treatment” 


for MRSA (6) might be responsible.  The same study also 


mentioned the possibility that vancomycin has decreased 


in efficacy against the strains of MRSA in question (7).  


Another study hypothesized that the particular bacteremia 


associated with the strains of MRSA involved in the study 


was particularly lethal (7).


Interestingly, genetic analyses suggest that only a 


small proportion of the MRSA strains found in hospitals 


contained mutations that promote peculiar aggressiveness 


or persistence, which could allow them to transmit to other 


individuals easier.  It was also found that most MRSA 


strains were genetically unique compared with strains 


prevalent in hospitals.  This suggests that the MRSA 


strains may have been the product of MSSA strains that 


acquired genes for antibiotic resistance (7).


The CDC has taken steps to monitor and reduce 


the presence of MRSA in healthcare settings.  It conducts 


extensive surveillance of MRSA transmission rates and 


has published guidelines for hospitals on how to deal with 


MRSA infections.  CDC also conducts epidemiologic and 


laboratory research on MRSA in hope of finding ways to 


actively treat infections (9). 


 Some believe that the hospitals and public health 


organizations in the U.S. are not doing enough to prevent 


MRSA transmission.  Experiments with new containment 


measures in European hospitals have succeeded.  In 


Denmark and the Netherlands, hospitals isolate all 


incoming high-risk patients until lab results confirm that 


they are not infected with MRSA.  Currently, less than 


1% of staphylococcus infections in Dutch hospitals are 


MRSA, compared to 64% of staphylococcus infections in 


the U.S. (6).  According to Scientific American, American 


hospitals have been hesitant to follow the European 


example, citing the high costs of such intense screening.  


However, considering that MRSA infections increase costs 


of care, it might be economically viable to implement an 


extensive screening process (6).


Physicians and researchers are engaged in an 


arms race with bacteria, and bacterial evolution has begun 


to outstrip human scientific progress.  At the moment, 


the best defense against antibiotic-resistant bacteria is 


prevention of transmission.  Public health agencies around 


the world are working to find more aggressive treatments, 


but unless a means of stalling evolution is found, the battle 


with bacteria is far from over.
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08/26/2007 11:51 AMPrescription drugs found in soil sludge used for lawns and gardens


Page 1 of 1http://www.newstarget.com/z020702.html


NewsTarget.com printable article


Originally published October 10 2006


Prescription drugs found in soil sludge used for lawns and gardens


by Jerome Douglas 


(NewsTarget) According to research by Chad Kinney, assistant professor of chemistry and biochemistry at Eastern
Washington University, fertilizer made from sewage sludge may be adding pharmaceuticals, flame retardants and
other chemicals to the land.


Kinney's research showed that no less than nine different biosolid products were produced by municipal
wastewater treatment plants in seven different states -- Washington, Arizona, Wisconsin, Kansas, Colorado, Texas
and Iowa. These biosolid products were analyzed for 87 different organic wastewater contaminants, which
represents a cross section of medicinal, industrial and household compounds.


These compounds are able to enter wastewater treatment plants and may be discharged without being completely
metabolized or degraded -- causing them to show up in the sludge that is then processed into certain garden and
yard fertilizers. In fact, 55 of the contaminants were detected in at least one biosolid product sold as lawn and
garden enhancements, and 25 compounds were found in every single one of the samples.


Kinney went on to say that "No matter what biosolid we looked at, there were some of these compounds in it." His
research was published in online edition of the journal Environmental Science and Technology. Kinney, who is a
postdoctoral fellow at the United States Geological Survey (USGS), has the support of the USGS's Toxic Substance
Hydrology Program as well, who supports his research.


Government regulators and health officials say there is no immediate risk to public health; however, the study's
authors called for more research on the long-term impact on the environment. Thomas Burke -- a professor of
public health policy at Johns Hopkins University in Baltimore -- believes that Kinney's research is a sobering
reminder for the Environmental Protection Agency, which has promoted biosolids for decades because they contain
the same nutrients found in fertilizers.


###


All content posted on this site is commentary or opinion and is protected under Free Speech. Truth Publishing LLC takes sole
responsibility for all content. Truth Publishing sells no hard products and earns no money from the recommendation of products.
Newstarget.com is presented for educational and commentary purposes only and should not be construed as professional advice from
any licensed practitioner. Truth Publishing assumes no responsibility for the use or misuse of this material. For the full terms of usage
of this material, visit www.NewsTarget.com/terms.shtml
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Iowa’s First Field Research Area for Emerging Contaminants 
 
 


By Douglas Schnoebelen, Dana Kolpin, Larry Barber, Edward Furlong, Michael Meyer and 
Mary Skopec 
 
 
Emerging Contaminants: Chemicals of Concern 
As Americans, we use a wide variety of chemicals in our homes and our jobs, whether we work at 
factories, on farms, or in offices. Recent research has shown compounds not previously considered 
contaminants are present in the environment.1 These include human and veterinary prescription 
drugs, diagnostic agents, hormones, cosmetics, dyes, preservatives, detergents, and numerous other 
organic compounds. There are increasing concerns about the potential environmental effects that 
may occur from such “emerging contaminants” (ECs). ECs are defined as: 
 


Any synthetic or naturally occurring chemical or any microorganism that is not commonly 
monitored in the environment, but has the potential to enter the environment and can cause 
suspected adverse ecological and/or human health effects. In some cases, release of 
emerging chemical or microbial contaminates to the environment has likely occurred for a 
long time, but may not have been recognized until new detection methods were developed. 
In other cases, synthesis of new chemicals or changes in use and disposal of existing 
chemicals can create new sources of emerging contaminates.2 


 
Most ECs are not routinely monitored. Indeed, water-quality monitoring in the United States is 
largely driven by regulations of the Clean Water Act and Safe Drinking Water Act. Over the last 
three decades, much of the water-quality monitoring work has focused almost exclusively on the 
conventional “priority pollutants,” however this is only one piece of the larger environmental 
puzzle.3 Recently ECs have begun to be examined in limited studies using newly developed 
laboratory analytical methods and techniques allowing detection at much lower levels. Furthermore, 
the possibility that environmental contaminants may be complex mixtures that can interact 
synergistically or antagonistically has increased the need to understand ECs. 
 
In order to minimize ecologic effects from ECs, it is essential to understand how a contaminant 
moves and is altered in the environment. Investigations of processes influencing transport (e.g. 
sorption, dispersion, degradation, etc.) require a systematic evaluation of a variety of hydrologic, 
landscape and anthropogenic factors. The purpose of this paper is to provide a short synopsis of 
ECs as potential contaminants of concern and to highlight an 8-km reach of Fourmile Creek in 
central Iowa as an ideal research site to investigate the transport, fate and effects from an urban 
source of ECs. 
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Possible Effects of ECs: Endocrine Disruption and Antibiotic Resistance 
The potential toxicological behavior from the environmental occurrence of ECs and mixtures of 
ECs are largely unknown. In particular, the effects of ECs on aquatic organisms are difficult to 
measure because concentrations of these compounds are generally low (nanogram per liter range) 
and, over the life of the organism produce no acutely toxic effects. However, detrimental effects to 
organisms from ECs may be subtle and go unnoticed until some cumulative threshold is reached. In 
recent years, the presence and effects of endocrine disrupting compounds (EDCs) in the 
environment has become an important issue.4 The endocrine system is the “key control system” of 
most organisms. 
 
The presence of low concentrations of some chemicals in the environment (e.g. natural and 
synthetic hormones, alklyphenols, pesticides, solvents and pharmaceuticals) could affect or damage 
the function of the endocrine system.5 For example, nonylphenol (a detergent degradation product 
found in laundry and dish detergents), and AHTN (a polycyclic musk found in perfumes, laundry 
products, air fresheners and cosmetics) have been shown to disrupt reproduction and growth in fish 
by affecting endocrine systems.6 A variety of ECs have been shown to bioaccumulate in fish tissue.7 
Data from laboratory experiments suggest that EDCs in the aquatic environment may impact the 
reproductive health of fish populations.8 Linking EDCs to observed changes in fish populations, 
however, remains an open challenge.9 As the ecological risk assessment of EDCs is in its infancy 
stage, less is known about potential effects to other aquatic species, yet early research suggests 
effects to aquatic organisms are possible.10


 
Antibiotics are an important class of pharmaceuticals and their prevalence in the last 60 years has 
brought dramatic and often even “miraculous” progress in fighting bacterial infections in humans 
and animals. In livestock farming, sub-therapeutic doses of antibiotics are often used to promote 
more rapid animal growth.11 Despite their widespread use, antibiotics have only recently received 
attention as environmental contaminants. However, the increase of resistant bacterial strains and 
the spread of bacterial resistance have become a worldwide concern.12 Concerns also exist for 
antibiotic use and increasing antibiotic resistance in livestock confined feeding operations.13 Many 
antibiotics are only partially metabolized after administration to humans or animals.14 
Concentrations of select antibiotics in animal manure have been reported at milligrams per liter 
levels (they are typically reported at parts per billion levels).15 


 
Antibiotics can reach streams and ground water via a variety of mechanisms and the potential for 
the aquatic environment to promote or maintain antibiotic resistance is largely unknown. Some 
chemicals, such as triclosan (an antimicrobial disinfectant found in many liquid soaps, dishwasher 
powders and plastics), are suspected of increasing the antibiotic resistance of bacteria in the 
environment,16 reducing algae diversity in streams,17 and affecting natural ecosystem functions such 
as soil microbial activity.18 In addition, research has shown effects of mixtures of antibiotics to 
aquatic organisms.19


 
Evolution of Fourmile Creek as a Research Site for ECs 
Following a national stream reconnaissance study,20 water samples were collected in 2001, upstream 
and downstream of select towns and cities in Iowa during low-, normal- and high-flow conditions 
to determine the contribution of urban centers to concentrations of ECs in streams under varying 
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flow conditions.21 This study found the number of ECs detected decreased as streamflow increased 
from low- (51 ECs detected) to normal- (28) to high-flow (24) conditions. Fourmile Creek near 
Ankeny, Iowa, was initially sampled for ECs during this study and results showed a strong gradient 
in EC detections during low-flow conditions between samples collected upstream of Ankeny (three 
ECs detected) compared to samples collected downstream (31 EC detected).  
   
The initial EC results from Fourmile Creek,22 led to including this stream as part of collaborative 
research between the U.S. Geological Survey (USGS) and the U.S. Environmental Protection 
Agency to better understand the fate of ECs following their discharge from wastewater treatment 
plants (WWTPs).23 This research involved collecting four samples at each of 10 WWTPs across the 
nation: upstream of the WWTP, at the WWTP where effluent was being discharged into the stream, 
at a location in close proximity downstream of the WWTP, and at a location farther downstream 
from the WWTP. All samples were measured for 110 different ECs. Between 28 and 50 ECs were 
found in treated wastewater effluent being discharged to streams.24 The similarity in chemical 
concentrations between WWTP effluent and proximal downstream sampling points clearly shows 
the contribution of WWTPs to EC concentrations in streams. Additional knowledge gained from 
Fourmile Creek during this study included:  


 


1. the ECs detected in Fourmile Creek during the previous study25 were primarily derived from 
the Ankeny WWTP (see Figure 1),  


2. there are significant reductions of the number of ECs detected and total EC concentrations 
through the 8.4 km study reach (Figure 1), 


3.  ECs vary in their type of transport (conservative versus nonconservative) through the study 
reach (see Table 1),  


4. at low-flow conditions, greater than 90 percent of the streamflow is derived from WWTP 
discharge.26 


Figure 1. Compounds and Concentrations of Emerging 
Contaminants at Various Locations of Fourmile Creek
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(vitellogenin induction in males and juvenile females, development of oocytes in testes, etc.) 
downstream of WWTPs.31 


Compound Primary Use


Reporting 
Level 


(µg/L)
Upstream of 


WWTP
WWTP 
Effluent


8.4 km 
Downstream 


of WWTP


Cimetidine Antacid 0.012 undetected 0.123 0.107
Dehydronifedipine Antianginal 0.015 undetected 0.202 0.018


Diltiazem Antihypertensive 0.016 undetected 0.053 0.029
Diphenhydramine Antihistamine 0.015 undetected 0.218 undetected


Sulfamethozole Antibiotic 0.064 undetected 0.589 0.321
Tonalide (AHTN) Fragrance, musk 0.500 undetected 2.300 0.700


Trimethoprim Antibiotic 0.013 undetected 0.353 0.093


(concentration in (µg/L)


Table 1. Selected Compounds Detected, Primary Use, Reporting Level, and Concentration 
from Samples Collected at Various Locations of Fourmile Creek


 


In 2003, the USGS EC Project27 was searching for a real-world setting to investigate the complex 
in-stream processes (e.g. dilution, sorption, degradation, dispersion, etc.) that can affect ECs 
following their discharge from a WWTP and determining if such input is having an effect on the 
aquatic ecosystem. Such research requires the integration of multi-disciplinary efforts at a carefully 
selected field site. Knowledge gained from previous research28 and other unique aspects of 
Fourmile Creek led to its selection as a field setting to help answer these important research 
questions. Critical aspects of Fourmile Creek include the following: 
 


1. A single source WWTP effluent-dominated stream. This allows for the examination of EC 
concentrations as water moves downstream without complications from additional inputs. 


2. Data documented the input of a wide variety of ECs from WWTP discharge. Previous 
research found between 3 and 10 ECs present upstream of the WWTP and between 30 and 50 
downstream.30  


3. Small basin size (less than 160 km2 size). This facilitates an increased understanding of the 
transport and fate of environmental contaminants.  


4. Relatively simple flow system. Little to no ground-water or surface-water inputs to streamflow 
exist in Fourmile Creek during normal flow conditions. Thus, any changes in EC 
concentrations observed downstream can be attributed to in-stream processes. 


5. Data documented that ECs vary in their type of transport. Undefined processes are taking 
place within the stream that affect EC concentrations. 


6. The WWTP uses a treatment technology (conventional activated-sludge) typical of many 
towns and cities across the United States. Thus, the source is representative of many similar 
sources in the United States. 


7. The hydrogeologic setting (low-gradient stream, glaciated deposits, rowcrop agriculture) is 
typical of the Midwest. 


8. A low-head dam exists approximately 2 km upstream of the WWTP outfall. The dam provides 
a physical barrier to fish migration. Thus, comparisons in fish community structure and fish 
health assessment can be made to more accurately determine potential effects from the input 
of ECs by the WWTP. Research has found a range of abnormalities in fish populations 
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9. 
e. This closure provides a unique opportunity to examine how a 
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Futu


uture work on ECs will involve not only the occurrence of these compounds, but also their fate, 
sible effects in the environment. Several large-scale studies in the United States by 


er 
ield 


 Halling-Sorenson, B., Nielsen, S.N., Lanzky, P.F., Ingerslev, F.L., Lutzhoff, H.C., and Jorgensen, S.E., 1998, Occurrence, fate and effects of 
stances in the environment-A review: Chemoshpere, 36, 357-393 p. 
g, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, L.B., and Buxton, H.T., 2002, Pharmaceuticals, hormones, 


. 


3. D : 


, 


of 


7. Br


, p. 


J., 2005, Effects of pharmaceuticals on aquatic invertebrates. Part I. The 
ileptic drug carbamazepine: Arch. Environ. Contam. Toxicol. v. 49, p. 353-361. 


A major change is anticipated to the primary source of ECs in the system. Around 2010, the 
WWTP is scheduled to clos
stream and aquatic biota react to the removal of the primary source of ECs and allows a nove
“before” and “after” assessment not been previously available in EC research. 


re Work 
F
transport and pos
the USGS Toxic Substances Hydrology Program have already documented the occurrence of ECs 
in the environment.32 These studies have shown that a wide variety of ECs are commonly detected 
in streams, streambed sediment, and ground water as complex mixtures of compounds. Other 
studies have documented the occurrence of ECs globally.33 Many of these same EC compounds 
have been detected in a study of Iowa’s streams.34 Indeed, the data on ECs collected at Fourmile 
Creek are consistent with similar national studies. However, the effects of long-term, low-level 
exposure to these mixtures of emerging contaminants on aquatic life and humans are currently 
unknown. Research on the effects of ECs in the environment is only in the beginning stages. 
 
The field research site established at Fourmile Creek will continue to build a framework for bett
nderstanding of the transport, fate, and effects of ECs in the environment. One goal of the fu


research site at Fourmile Creek is to move beyond documenting the occurrence of these 
compounds to examine what happens to these compounds once they enter the environment and 
their potential effects to aquatic ecosystems. 
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The case against land application of sewage sludge pathogens 
 
Maureen Reilly BA  University of Toronto, Toronto, Ontario 
 
There is currently a public debate about whether health, agricultural and environmental authorities 
should continue to allow sewage sludge to be spread on farmland. Some of the concern in the 
debate is about the pathogen content of sewage sludge. This concern was heightened by the 
tragedy at Walkerton where Eschericha coli 0157:H7 and other pathogens contaminated the 
drinking water supply of this Ontario town. The Canadian public were reminded how vulnerable 
they can be to disease when agricultural practices ajoin population centres without adequate health 
and environmental controls. 
But pathogens are not the only contaminants of concern in sewage sludge. Sewage sludge also 
contains potentially harmful levels of toxic metals and environmentally persistent chemicals such 
as polychlorinated biphenyls and dioxins (1). 
In the past, farm application was often not the favoured method of disposal. Sludge was 
incinerated or landfilled, and only a small percentage was applied to farmland. With air quality 
concerns increasing and landfill capacity at a premium, municipalities have moved to farm 
disposal of these waste sludges, especially in Ontario, where almost all wastewater sludges are 
applied on farms. 
Have the risks to human health been adequately evaluated? Should government promote the 
transfer of these wastes to the countryside? Is it reasonable to ask rural residents to live next to 
sites where human excrement mixed with industrial waste is stockpiled and spread on the land? 
 
Background 
 
Flush toilets were invented almost 200 years ago, yet we as a society are still trying to manage the 
health and environmental impact of our own waste. The whole idea of 'public health' developed in 
response to the contagion created by allowing urban streets to flow with septic wastes. Eventually, 
the crises in pests, disease and plagues led to the creation of an infrastructure of sewers to remove 
these wastes and confine them away from the public in a sewage treatment plant. 
Over the past 20 years, with the public desire to protect surface waters from sewage 
contamination, sewage treatment plants (accurately renamed wastewater treatment plants) are 
designed to separate the water in the sewer system from the solids and contaminants, and return 
the water fraction the lake, river or ocean in a relatively purified form. Sewage sludge, sometimes 
called 'biosolids', is the solid fraction of this waste. Wastewater treatments plants are not designed 
to treat the the sludge effectively; they are primarily designed to clean the water fraction. 
 
What 'treatment' is required? 
 
The industries that promote the placement of sewage on rural and agricultural land like to speak of 
'treated' sewage, 'treated' sludge or 'biosolids'. However, there is little in provincial statutes that 
sets out what 'treatment' may be required before sewage is placed on land. Requirements for 
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sewage treatment vary from one wastewater facility to the next and may or may not be detailed in 
a Certificate of Approval or permit from the provincial Ministry of the Environment. 
In Ontario, septage, which is untreated sewage waste pumped out of septic tanks and abbatoir 
waste, is also allowed to be spread or sprayed on rural land. No treatment is required. 
Often, the Ontario government adopts the American requirement for 'treatment' that the sludge 
should contain less that two million fecal coliforms colony forming units/g. However, not all 
sewage treatment plants achieve this level. The Ashbridges Bay Treatment Plant in Toronto, 
Ontario processes sludge for about 1.7 million people. There are not enough digesters to allow for 
the recommended minimum 15 to 30 days of digestion of sludge in anaerobic tanks. Therefore, 
Toronto sewage sludge may receive as little as eight to 10 days of digestion (personal 
communication, Interim Compliance and Monitoring Committee, City of Toronto, Toronto, 
Ontario). The Ontario Ministry of the Environment has facilitated the spreading of this sludge with 
elevated pathogens by allowing the City of Toronto to average the test results according to a 
specific formula, so rural residents have no assurance that specific standards of disinfection have 
been met by sludge delivered to farms. 
The fecal coliform levels in the City of Toronto sewage sludge have often exceeded even the 
above permissive standards. In 1999, levels of fecal coliform exceeded two million colony 
forming units/g, even when the city was allowed to average the test results over several weeks. 
Toronto sewage has been trucked to a facility in Halton, Ontario where it was stored in an open pit 
the size of a football field. Neighbours of this facility have protested because foul odours have 
stopped them from being able to leave the house or open the windows. Residents near the facility 
have become seriously ill with enteric viruses, which they are concerned may be the result of their 
exposure to the sludge (personal communication, Laura Eagles). 
 
Do wastewater treatment plants  'treat' sludge? 
 
Scientists at the University of Ottawa Faculty of Medicine prepared a research report for the City 
of Ottawa on whether the Ottawa Pickard Centre sewage treatment plant was effective in reducing 
pathogens in Ottawa sewage sludge (2). Their report concluded that "it is clear that the pathogen 
content of biosolids from the Pickard Centre may be relatively high.". The report also concluded 
that there was no reduction on giardia cyst levels, only a 49.9% decrease in cryptosporidium 
oocyst densities and only slightly reduced levels of somatic coliphages, suggesting a similarly 
small reduction in enteric virus loading in the land applied sewage (3). 
A more detailed report on the health risks from pathogens associated with land application of 
sewage sludge can be found in "Hazards from pathogenic microorganisms on land-disposed 
sewage sludge" (4), which outlines the range of pathogens found in sludge and their longevity in 
the soil. 
A study of sewage workers at the Toronto Ashbridges Bay Treatment Plant showed increased 
incidence of disease com-pared with a similar group of workers not exposed to biosolids (5). The 
United States National Institute for Occupational Safety and Health has posted a health alert for 
those who work with biosolids (6). The Journal of Agromedicine also published a report linking 
odours with health risks (7). The research has implications for those workers, farmers and rural 
residences who are exposed to sewage sludge. 
 
RISKS FROM SEWAGE SLUDGE 
 
Venues for pathogen transfer: Land application of sewage sludge can lead to the transport of 
pathogens through bioaerosols downwind of sludge storage or spreading sites, through 
contamination of ground water, drinking water wells, stockponds and surface waters, or through 
food contamination from eating food grown in sludge spread land. Pathogens can be transported to 







humans who walk through sludge spread fields. Wild animals, farm animals, birds, rodents and 
pets may become infected by or transmit sludge pathogens. There is no requirement to post signs 
that sludge has been spread or stored on fields in Canada. Therefore, children, family members and 
others may access and traverse sludge spread sites unknowingly. 
 
Bioaerosol risk: A recent study from the University of Arizona (8) shows that the risk of 
windborne pathogens is significant within a 10 km radius of a sludge spread field. In Canada, the 
relatively cooler and wetter climate may make this risk even higher. 
 
Risk to water: Sewage sludge contains a high concentration of wastes; indeed, a 100-acre spread 
of sewage sludge represents the annual fecal output of approximately 1400 people plus the 
industrial waste component. To compare sludge with manure, a field of similar size would support 
100 cattle. 
Some provinces have 'guidelines' or other criteria that are intended to address the environmental 
and health issues related to the land application of sewage sludge. However, these 'guidelines' are 
not always enforceable, and most are not legally binding. Ontario has one of the most detailed 
documents on the land application of sewage sludge and other organic waste. However, the 
Guidelines for the Use of Biosolids and Other Wastes on Agricultural Land (9) are only a 
'guidelines'. They are not statutes or regulations. In Ontario, even after the Walkerton tragedy, 
reductions were allowed in the the separation distances between sludge spreading sites and 
drinking wells, lakes, rivers and surface waters. Ottawa and Toronto are currently allowed to 
spread sludge as close as 15 m to a drilled drinking water well and as close as 15 m to surface 
water despite provincial law that stipulates greater, more protective distances (10). 
 
Risk from food: The Ontario Ministry of the Environment and the Ministry of Agriculture 
recommend that farmers observe a waiting period between sludge spreading and the harvesting of 
some crops, and recommend that farmers restrict farm animals from fields recently spread with 
sludge. These recommendations are not enforceable under current legislation. Therefore, sludge 
spread fields can be used to grow small fruits such as strawberries or pasture livestock, and thus 
expose the consumer to contaminated produce and meats. 
 
Animal transfer: Farm animals and pets such as cats and dogs can be expected to continue to 
travel through fields, even after the fields have been spread with sludge, and return to their owner's 
homes, spreading sewage sludge to the family home. Birds may also visit sludge spread fields, and 
spread viruses, bacteria and parasites in their subsequent droppings. 
 
Issues of concern 
 
Lack of research: The Environmental Protection Agency in the United States, the Ontario 
government and the Water Environment Association of Ontario have all acknowledged that 
pathogen risks from land application of sewage sludge have not been adequately evaluated. In both 
Canada and the United States, policies concerning land application are under review for this 
reason. In the United States, the National Academy of Science is conducting a risk assessment on 
the land application of sewage sludge. In Ontario, just a few months after Walkerton crisis, the 
Ontario Ministry of the Environment announced a review of the regulations concerning the land 
application of sewage sludge, septage and all biosolids. 
 
Lawsuits in the United States: It is thought that several deaths in the United States have been 
attributed to the land application of sewage sludge, and lawsuits have been brought (11). One of 
these cases, concerning the death of Shayne Connor, who lived adjacent to a sewage sludge 







spreading site, is currently making its way through the New Hampshire courts. Other lawsuits 
involving livestock deaths have also been filed in Georgia. 
 
Regrowth: A study conducted in Australia in 1997 looked at pathogen regrowth in soils that had 
been spread with sewage biosolids (12). Researchers found that during hot, dry months, there were 
reduced levels of pathogens (fecal coliforms and salmonellae) in stored and spread sewage sludge, 
but that the concentrations of pathogens rose during the wet cool months that followed. In some 
instances, the pathogen regrowth was to levels higher than found in the initial tests. 
 
No informed consent: Farmers and rural residents are told that the sludge is treated for pathogen 
reduction. There is no requirement to explain the health risks to farmers or those who live near 
sludge spreading or storage sites. 
Occupational health and safety issues related to sewage sludge are starting to be addressed with 
the recent Health Alert from the National Institute for Health and Safety. Documents like the 
Safety Alert issued by the Spokane Regional Health District in the State of Washington are 
increasingly common in the United States and Great Britain. (13). However, action on public 
health education on sludge lags behind the occupational health and safety requirements for sludge 
handlers. The public needs to be informed of the pathogenic risk posed by sludge transporatation, 
storage and spreading. 
 
No storage: When rainy weather makes sludge spreading particularly risky for runoff and ground 
water contamination, most municipalities do not have adequate disposal alternatives for sewage 
sludge. The City of Toronto sludge has been evicted from the Halton storage facility, and the City 
of Toronto hauler is now storing sewage sludge in open piles in Ontario farmfields. The Ontario 
Ministry of the Environment has allowed the Toronto sewage sludge to be stored in huge open 
piles on farmland in Northumberland County near Warkworth (14). 
 
CONCLUSIONS 
 
Open field storage of sludge and sludge spreading near wells and surface water, increase the risk 
that sewage sludge pathogens will be transported to workers, farmers and neighbours, and 
increases the environmental risks of this wastedisposal practice. It seems unreasonable to offer the 
farm community 'free fertilizer' and promote its use when the public health risks associated with 
the land application of sludge have not been addressed. The case against land application does not 
stop with the issues posed by pathogens; other heath risks are associated with the elevation of 
heavy metals in the soils and foods, the release of mercury into the atmosphere from sludge 
spreading and the presence of priority pollutants in the land-applied sludge. 
We seem to have forgotten the public health lessons of the 1800s and the underlying reason for 
sewage treatment plants themselves. The pathogen levels in sewage sludge are high and can even 
increase over time once the sludge is stored or applied to land. Land application allows sludge 
pathogens to be transported by weather events, and facilitates the spread of diseases to animals and 
humans. It is unreasonable to expect rural residents to tolerate exposure to these diseases in land, 
air and water. The Canadian Infectious Disease Society should be applauded for its call for a 
moratorium on sludge spreading until the risks to public health and the integrity of food are 
thoroughly evaluated. 
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Lea Brooks, a spokeswoman for the state Department of Public Health, said recycled 
water is treated but can contain bacteria and viruses that cause diarrhea and other 
illnesses. 
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Otay water district officials investigate water 
foul-up 
 


Stores may reopen if samples test clean 


By Anne Krueger 
UNION-TRIBUNE STAFF WRITER 
 
August 23, 2007 
 
CHULA VISTA  Otay Water District officials spent the day yesterday trying to determine 
how a Chula Vista business park had treated sewage flowing from its water taps for two 
years, and how to ensure it doesn't happen anywhere else. 
“We thought we had a good process,” � said Mark Watton, Otay's general manager. 
“Obviously, there's a gap.” � 
The 17 stores at Fenton Business Center in Eastlake were ordered Friday not to drink or 
wash their hands with tap water after tests from a private lab showed they were getting 
recycled water, or treated sewage, instead of drinkable water. 
Otay officials are investigating, but it appears a mis-marked pipe was the cause. 
Two food-related businesses “ the Candy Bouquet, which creates candy baskets, and 
Dream Dinners, a meal-preparation store ““ were shut down by the county. 
If recent water samples are clean, the state Department of Public Health is expected to 
declare the water safe today, allowing the stores to reopen. 
Otay serves about 190,000 people in a 125-square-mile district ranging from El Cajon to 
eastern Chula Vista. 
Watton said the district's approximately 500 meters for recycled water will be inspected. 
All pipes carrying recycled water are in eastern Chula Vista along thoroughfares, on 
public property or in business areas, not in residential sections. 
Recycled water flows through a separate system of distribution pipes, colored purple to 
distinguish them from pipes carrying drinking water. 
Watton said when the business park was built in 2002, a purple plastic sleeve placed 
over the copper recycled-water pipe somehow slipped below ground when the pipe was 
installed. Whoever hooked the pipe to the water meter didn't realize the pipe carried 
recycled water. 
The district still hasn't determined how its inspectors or supervisors for the contractor on 







the project could have overlooked the error, he said. 
Some business owners are concerned a former Otay inspector who pleaded guilty to a 
bribery charge could be at fault. 
In 2005, Otay inspector William Cooper pleaded guilty to taking $5,000 in exchange for 
overlooking deficiencies in underground water and sewer lines on two Chula Vista 
residential developments. 
Watton confirmed Cooper was one of the inspectors on the Fenton Business Park 
project. He said he has not determined whether that is related to the bad connection. 
When the business park opened in July 2005, Otay blended recycled water with 
drinkable water. In May, Otay reached a deal to buy recycled water from the city of San 
Diego, and began flowing 100 percent recycled water through its purple pipes. 
When the district first received a complaint about the business park's water July 27, Otay 
employees tested the water at the main line on the street. The district doesn't usually 
test water at the tap in response to a complaint, Watton said. 
The main line carried drinkable water, so the tests showed nothing wrong. Watton said 
Otay employees thought the water might be stagnant because the park was new and 
many of the offices unoccupied. 
The property manager sent the water to a private lab, and the results that came back 
Friday showed the water contained coliform bacteria, which indicates contamination. 
Recycled water is safe for full body contact, though it's meant for irrigation and 
manufacturing, not consumption. 
Lea Brooks, a spokeswoman for the state Department of Public Health, said recycled 
water is treated but can contain bacteria and viruses that cause diarrhea and other 
illnesses. 


Jane Ballard, who owns a sign company in the business park, said she's told her 10 
employees to see their doctors. Watton said the district would pay for the exams and 
compensate businesses for their losses. 


“We just want to know that we're all OK,” � Ballard said. “Everybody is just kind of a little 
tense waiting.” � 


Anne Krueger: (619) 593-4962; anne.krueger@uniontrib.com 
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Cary has 'weird' water mix-up


TOBY COLEMAN, Staff Writer


CARY - The bitter water pouring from Vinay Jain's tap was a water conservation measure gone foul.


For nearly five months, the Jain family home in Cary has been connected to the town's reclaimed-
water system. That is the treated wastewater the town considers clean enough for suburban lawns
but not good enough to drink.


"I had a suspicion because when we moved, I said, 'The water tastes weird,' " said Jain, a 37-year-
old information technology worker. "My wife said, 'You always complain.' "


Jain lived with the funny-tasting water until Monday. Then, suddenly, the water in the house went off.
Somebody had shut off the neighborhood's irrigation pipe.


Cary water workers discovered the goof after Jain's neighbors, who had water inside, realized that
their sprinklers weren't spraying. Cary officials then started scrambling around town to see whether
any of the other 500 homes with irrigation systems served by reclaimed water had reversed water
connections.


By Tuesday afternoon, Public Works head Mike Bajorek seemed confident that the Jains were the only
ones in Cary with treated wastewater coming out of their taps and drinking water coming out of their
sprinklers.


"We believe that this is a unique situation," he said.


Just to be sure, though, Cary workers were completing a house-by-house check Tuesday.


Cary is the only town in the Triangle that pipes reclaimed water into residential neighborhoods to
help conserve drinking water. Residents connected to the system do not have to obey outdoor
watering restrictions, and they pay less for the water they use to quench their lawns. But they're
never, ever supposed to wash with the stuff, much less drink it.


Cary officials say the risk from reclaimed water is low. By one estimate, you would have to drink 12
gallons of reclaimed water in a single sitting to get an infectious dose of coliform bacteria. But it is
serious: State regulations ban water systems from distributing reclaimed water for consumption.


The Jains have been unnerved by the revelation. Jain and his wife, Priyanka, wonder whether their
children's dinnertime claims of bellyaches were legitimate reactions to low-quality water and not the
childlike ploys to avoid eating unwanted food, as they originally suspected.


"In a place like Cary, it never even occurred to me that this might even be a possibility," Vinay Jain
said Tuesday as Cary workers walked through his house testing taps. "This gives the impression of a
Third World country. At least in India, we knew the water was bad, and we boiled it."


The town is putting the Jains up in a hotel while the problem is repaired. The Jains said they will be
able to move back in Thursday, once the town has completed follow-up testing and inspections.
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It might take longer to figure out how the foul-up occurred. Currently, water workers think somebody
switched the Jains' black drinking-water main and their purple reclaimed-water main between their
water main installation and their final home inspection.


But why would somebody do that? And why didn't anybody catch the mistake earlier?


"That," Bajorek said, "is what we're trying to determine."


All rights reserved. This copyrighted material may not be published, broadcast or
redistributed in any manner.
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DNA Found in Drinking Water Could Aid 
Germs 


 
By Charles Q. Choi, Special to LiveScience 


posted: 23 October 2006 08:28 am ET 


DNA that helps make germs resistant to medicines may increasingly be appearing 
as a pollutant in the water. 


This DNA was found "even in treated drinking water," researcher Amy Pruden, 
an environmental engineer at Colorado State University in Fort Collins, told 
LiveScience. 


The spread of this DNA could exacerbate the already growing problem of drug 
resistance among potentially infectious microbes. Diseases once considered 
eradicated, such as tuberculosis, are making alarming comebacks. Currently, 
more than two million Americans are infected each year by resistant germs, and 
14,000 die as a result, the World Health Organization reports. 


"I personally have known people with antibiotic-resistant infections, and they can 
be very scary," Pruden said. 


Resistant microbes 


While antibiotics kill off many germs that have no resistance against them, they 
also prompt the spread of microbes that are resistant. The over-prescription or 
other improper use of these drugs helps these resistant infections emerge, but 
experts also note that up to 95 percent of antibiotics are excreted by humans and 
animals unaltered, seeping into the environment and encouraging antibiotic 
resistance there. 


Pruden's new research did not focus on the presence of antibiotics in the 
environment. Instead, she looked for the presence of genes that help confer drug 
resistance to the germs in the first place. Bacterial genes are encoded as DNA, 
and microbes often swap genes with each other. In principle, antibiotic-resistance 
genes could persist and spread long after the drugs they target have dissipated. 


"The spread of antibiotic-resistance genes in the environment is undesirable, just 







as is that of any other pollutant, such as PCBs or mercury," Pruden said. 


Pruden and her colleagues focused on genes conferring resistance against two 
antibiotics, tetracycline and sulfonamide, which are linked to urban and farm 
activity. They investigated a range of northern Colorado waters, from relatively 
pristine river sediments to water from dairy lagoons to irrigation ditches. They 
also looked at water from drinking-water treatment plants and effluents from a 
wastewater recycling plant. 


Everywhere 


The levels of antibiotic-resistance genes were hundreds to thousands of times 
higher in waters directly impacted by urban or farm activity than in relatively 
pristine waters. Still, the researchers discovered the presence of antibiotic-
resistance genes in all the waters they investigated. 


"Wastewater treatment systems are not designed to treat antibiotic-resistance 
genes. The treated effluent is usually chlorinated, but even though this inactivates 
bacteria, it does not destroy DNA," Pruden explained. The DNA they found likely 
is inside dead or living cells, although it is possible it is floating in the water 
outside cells. 


The researchers will further investigate what other antibiotic-resistance genes are 
present in the environment, such as ones against vancomycin, often considered 
the most powerful antibiotic of last resort. They will also explore ways to modify 
wastewater treatment plants to help them destroy DNA. 


Pruden and her colleagues reported their findings online this month via the 
journal Environmental Science & Technology. 
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Several poliovirus and coxsackievirus isolates from environmental sources were compared with laboratory
strains to determine their rate of inactivation by chlorine. All viruses were tested for up to 1,000 min in the
presence of an initial free residual chlorine level of ca. 0.4 mg/liter. Coxsackievirus B5 (CB-5) isolates were
found to be more resistant to chlorine than coxsackievirus B4 (CB-4), followed by poliovirus 1, 2, and 3 in order
of decreasing resistance to chlorine. Environmental isolates of CB-5 were more resistant than the laboratory
strain tested, and for two strains 12 and 22% of the input virus was still infectious after 100 min in the presence
of free residual chlorine. Although CB-4 isolates were less resistant to chlorine than CB-5 isolates, after 1,000
min of contact 0.01% of the input virus was still infectious. Except for CB-5 isolates, isolates from
environmental sources did not appear to be more resistant to chlorine than laboratory strains. Viruses isolated
at different phases during the preparation of drinking water were not more resistant to chlorine and must thus
have been protected by other mechanisms.


The selection of chlorine-resistant virus strains during
water treatment has been postulated. However, the isolation
of viruses from drinking water is rare, and these viruses are
rarely tested for their resistance to disinfection. Shaffer et al.
(11) have measured the resistance of two strains of polio-
virus 1 isolated from drinking water and found these strains
highly resistant to inactivation by chlorine at levels of up to
1.35 mg of free residual chlorine per liter. The individual
resistance of enteric viruses can be quite different, and
studies have shown striking differences between virus types
(2, 7) and even between strains of the same serotype (11).
Our own laboratory has been involved in the evaluation of


treatments at several water treatment plants and their ability
to remove viruses and bacteria during the preparation of
drinking water (9). Several isolates of enteroviruses were
isolated from waters disinfected with chlorine. The present
report analyzes the data obtained when these isolates and
others isolated from sewage were tested to determine their
relative resistance to chlorine disinfection when exposed to
an initial concentration of ca. 0.4 mg of free residual chlorine
per liter. The survival of tested strains was measured for up
to 1,000 min to simulate water treatment conditions where
the drinking water may remain in reservoirs or in the
distribution system for ca. 24 h.


MATERIALS AND METHODS
Virus isolates. The virus isolates tested were obtained from


various environmental sources, as well as from the Clinical
Virology Laboratory at our institution (Institut Armand-
Frappier). They are listed in Table 1 together with their
sources. Poliovirus reference strains were obtained from the
Quality Control Laboratory (Viral Vaccines) at our institute:
type 1 Mahoney and Sabin (LSc-2ab), type 2 MEF-1 and
Sabin (P712-CH-2ab), and type 3 Saukett and Sabin (Leon
12ab). All isolates were passaged once on BGM cells to
obtain a sufficient amount of infectious supernatant for anal-
ysis.


Preparation of virus suspensions. Cell culture supernatants


* Corresponding author.
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were centrifuged at 3,000 x g for 30 min and dialyzed
overnight at 4°C against chlorine-demand-free water. The
dialysate was centrifuged at 10,000 x g for 60 min, and the
supernatant was filtered on a sterile 0.22-,um membrane
filter. The suspensions were tested to evaluate their chlorine
demand, and all were essentially chlorine demand free.
Virus suspensions were stored at -70°C.


Preparation of chlorine-demand-free glassware and water.
Chlorine-demand-free water was prepared from distilled
water by the addition of sodium hypochlorite to obtain a free
residual chlorine concentration of 3 mg/liter and maintained
overnight. Residual chlorine was inactivated by placing the
water in large beakers under UV light for 24 h. All glassware
was immersed in distilled water containing 5 mg of free
residual chlorine per liter overnight and rinsed several times
in demand-free water.


Virus inactivation experiments. A stock solution containing
50 mg of sodium hypochlorite per liter was prepared from a
commercial solution of sodium hypochlorite. One milliliter
of the viral suspension to be tested was added to 200 ml of a
0.01 M calcium chloride solution at 5°C and pH 7.0 (+0.1)
placed in a 500-ml hermetically closed glass bottle equipped
with a stirring pad and two sampling ports (spinner flask).
These bottles were siliconized to reduce virus adsorption to
the glass. After mixing, a sample was taken to determine the
initial virus titer. The addition of 2.5 ml of the stock solution
of chlorine to the virus suspension allowed us to obtain a
free chlorine residual of 0.4 to 0.5 mg/liter. Samples (5 ml)
were taken at 1, 10, 100, and 1,000 min of contact at 5°C,
while constant mixing was maintained at 80 rpm with a
magnetic stirrer. No supplementary chlorine was added
during the experiments. The final chlorine concentration
after 100 min was 0.4 mg/liter, and after 16 h it was ca. 0.1
mg of free residual chlorine per liter and 0.4 mg of total
residual chlorine per liter. The samples were immediately
mixed with 5 ml of a 10-mg/liter sodium thiosulfate solution
to inactivate the chlorine and were frozen at -20°C until
assayed. All experiments were performed at least twice.


Chlorine determination. The free residual chlorine content
of stock and treatment solutions was determined by am-
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TABLE 1. Virus survival after 1, 10, 100, and 1,000 min of
contact with an initial concentration of 0.4 mg of free residual


chlorine per liter
% Survival after min of contact:


Virus
1 10 100 1,000


Coxsackievirus B5 83.33 70.00 21.67 0.079
(no. 23, raw sewage)


Coxsackievirus B5
(no. 273, chlorinated water)


Coxsackievirus B5
(no. 241, chlorinated water)


Coxsackievirus B5
(laboratory strain)


Coxsackievirus B4
(no. 1, treated sewage)


Coxsackievirus B4
(no. 358, chlorinated water)


Coxsackievirus B4
(no. 428, chlorinated water)


Coxsackievirus B4
(laboratory strain)


Coxsackievirus B4
(no. 469, chlorinated water)


Poliovirus 1
(no. 80, raw sewage)


Poliovirus 1
(Mahoney, laboratory
strain)


Poliovirus 1
(Sabin, laboratory strain)


Poliovirus 1
(no. 4, raw sewage)


Poliovirus 2
(no. 426, chlorinated water)


Poliovirus 2
(no. 533, chlorinated water)


Poliovirus 2
(MEF-1, laboratory strain)


Poliovirus 2
(Sabin, laboratory strain)


Poliovirus 2
(no. 454, chlorinated water)


Poliovirus 2
(no. 7, raw sewage)


Poliovirus 2
(no. 42, raw sewage)


Poliovirus 3
(no. 25, raw sewage)


Poliovirus 3
(Sabin, laboratory strain)


Poliovirus 3
(Saukett, laboratory strain)


Poliovirus 3
(no. 51, raw sewage)


Poliovirus 3
(no. 26, raw sewage)


Poliovirus 3
(no. 185, chlorinated water)


Poliovirus 3
(no. 190, chlorinated water)


Poliovirus 3
(no. 192, chlorinated water)


Poliovirus 3
(no. 196, chlorinated water)


Poliovirus 3
(no. 220, chlorinated water)


TABLE 1-Continued
% Survival after min of contact:


Virus
1 10 100 1,000


Poliovirus 3 0.08 <0.003 <0.003 <0.003
(no. 239, chlorinated water)


Poliovirus 3 0.01 <0.003 <0.003 <0.003
(no. 244, chlorinated water)


78.43 60.78 11.77 0.053


3.43 0.24 0.041


19.82 1.44 1.22 <


3.92


4.38


4.07


4.70


4.13


1.62


0.31


0.52


0.74


0.063


0.052


0.79 0.025


0.35 0.023


10.49 0.90 0.029


8.95 0.72 0.029


1.17 0.023 0.004


0.87 0.009 <0.001


0.96


1.33


1.23


0.26


1.13


1.77


0.13


7.14


0.98


5.87


1.49


0.10


0.092


0.090


0.033


0.020


0.010


0.035 0.006


0.021 0.003


0.011 <0.001


0.001 <0.001


0.024


0.025


0.004


0.003


0.019


0.010


<0.003


<0.003 <


0.13 <0.003 <0.003 <


0.42 <0.003 <0.003 <


0.06 <0.003 <0.003 <


0.04 <0.003 <0.003 <


0.06 <0.003 <0.003 <


0.03 <0.003 <0.003 <


perometric titration, whereas the residual chlorine of exper-
imental solutions was determined by the diethyl-p-phenyldi-


0.012 amine colorimetric method (1).
Virus assays. Viruses were assayed in BGM cells by


0.014 plaque formation under an agar overlay as previously de-
scribed (9).


0.013


0.016 RESULTS
The relative resistance to chlorine of the virus isolates


0.011 studied is presented in Table 1. Coxsackievirus isolates were
the most resistant to chlorine inactivation, and two isolates
of coxsackievirus B5 (no. 23, raw sewage, and no. 273, tap


0.014 water) were relatively unaffected after 10 min of contact.
O.001 After 100 min of contact, more than 10% of the virus was still


infectious. After 1,000 min (ca. 16 h), more than 0.05% of the
input virus remained infectious for these two isolates. The


o0.001 laboratory strain and isolate no. 241 (chlorinated filtered
water from a filtration plant) were less resistant to chlorine


:0.001 than the two other field isolates, but were still more resistant
than most other isolates, even after 1,000 min of contact.
The laboratory isolate was completely inactivated after


0.001 1,000 min of contact, whereas the environmental isolate was
0.002 still detectable.Coxsackievirus B4 isolates were less resistant than the
:ooo coxsackievirus B-S isolates, but were more resistant than the


poliovirus isolates. After 1,000 min of contact, ca. 0.01% of
-0.001 the virus was still infectious for all isolates, but differences in


the inactivation rates were observed at 100 min of contact
:0.001 for isolate no. 1 (raw sewage). For this isolate 0.74% of the


input virus was still infectious even if a rapid initial inacti-
:0.001 vation was observed, with only 3.92% remaining after 1 min
:0.001 but 1.62% remaining after 10 min.


Poliovirus isolates were less resistant to chlorine than the
coxsackievirus isolates and were reduced to less than 0.003%


0.003 after 1,000 min. A few isolates were slightly more resistant
than the others during the first phase of inactivation (isolates


0.003 no. 80 and no. 25, laboratory strains Mahoney and Saukett),
but after a longer period of contact results were similar. Only


0.003 strain no. 80 (poliovirus 1, isolated from sewage) appeared
more resistant than the other isolates, with a survival rate


,0.003 equivalent to the one observed for the coxsackieviruses.
:0.003 Most poliovirus 3 isolates from water were easily inactivated


by the free residual chlorine in less than 10 min, and the two
:0.003 laboratory strains of poliovirus 3 (Sabin and Saukett) were


more resistant to chlorine than most of the water isolates.
:0.003


:0.003 DISCUSSION


The individual resistance of enteric viruses to chlorine has
:0.003 been revealed by the work of Liu et al. (7) in their classic


study of 20 enteroviruses in river water. Since then, others
0.003 have addressed the reasons for these differences, and factors


like pH and temperature (2), the ionic environment (12), the
aggregation state (5), and the conformational structure (8) of
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viruses have been studied. These factors all contribute to the
possibility that during drinking water treatment a more
resistant strain of virus will survive water treatment prac-
tices considered adequate.


Viruses have been occasionally recovered from drinking
waters considered safe by the generally accepted bacterio-
logical and physicochemical standards (3, 4, 6, 9, 10, 13; P.
Payment, R. Plante, and M. Trudel, submitted for publica-
tion). A recent report from England (13) has shown a high
prevalence of viruses in drinking water samples: the yearly
average was 16% of the drinking water samples tested
positive for enteroviruses. The number of viruses in individ-
ual positive samples varied between 0.56 and 8.7 PFU/10
liters. Most of these viruses were isolated from water free of
indicator bacteria and in the presence of residual chlorine.
Our own results (9) from a 1-year study at each step of
treatment at seven filtration plants has demonstrated the
presence of a small number of viruses in ca. 7% of the
finished water samples. The highest viral concentration
recorded was 2 viruses per 100 liters, and the average
concentration was 0.006 infectious units/100 liters. The
surviving viral fraction after complete treatment was ca.
0.001% of the original indigenous virus population in the
source water. This value is consistent with the data obtained
in the present report on the chlorine resistance of these viral
isolates.
Among the factors influencing viral resistance, aggrega-


tion and the presence of particulate or organic matter offer
protection from chlorine disinfection. The fact that polio-
virus isolates from drinking water or chlorine-treated waters
are very sensitive to this disinfectant may indicate that they
could have been protected from disinfection by aggregation
or organic matter and not by increased resistance due to
genetic modifications.


Several of the isolates tested in this study were isolated
from water disinfected with chlorine, but they were not
found to be more resistant than other strains of the same
virus obtained from other sources. Coxsackievirus isolates
from all sources, and particularly B5, were found to have a
high degree of resistance to chlorine inactivation, and their
presence in treated waters can probably be related to this
higher resistance to disinfection. On the contrary, poliovirus
isolates were generally found to be very susceptible to
chlorine, and these viruses could have been protected from
disinfection by the mechanisms mentioned earlier, particu-
larily suspended solids.


Conclusions. Enteric viruses differ greatly in their resist-
ance to inactivation by chlorine, but the results we have
obtained show that some enteroviruses can survive for
several hours in disinfected waters. Infectious viruses were
still detected after 16 h in the presence of a residual chlorine
concentration of ca. 0.1 mg/liter, a concentration equivalent
to the one found in tap water in most distribution systems.
This could explain why some viruses can survive water
treatment practices involving chlorination and be detected in
tap water. This residual fraction is, however, very small, and
for most viruses less than 0.001% of the initial population
will remain infectious after 16 h of treatment. No major


differences could be demonstrated between isolates from
waters treated or not treated with chlorine and laboratory
isolates. The selection of resistant strains by water treatment
practices thus appears improbable, but further studies are
needed to evaluate a larger number of strains.
The very high resistance of some isolates of coxsackie-


virus B5, which after 100 min of contact with free residual
chlorine was inactivated by less than 90%, does shed some
doubt on the practice of chlorination without other treat-
ments for the preparation of drinking water. It is also
surprising that viruses were not detected more frequently in
minimally treated drinking waters. However, the number of
water samples analyzed for the presence of viruses is
increasing every year, and methods have gained a high
degree of sensitivity. It would thus be expected that the
number of positive samples reported will also increase, as
reported by Tyler (13) and ourselves (Payment et al., sub-
mitted for publication).
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A total of 1,900 lactose-fermenting bacteria were isolated from raw sewage influent and chlorinated sewage
effluent from a sewage treatment plant, as well as from chlorinated and neutralized dilute sewage, before and
after a 24-h regrowth period in the laboratory. Of these isolates, 84% were resistant to one or more antibiotics.
Chlorination of influent resulted in an increase in the proportion of bacteria resistant to ampicillin and
cephalothin, the increase being most marked after regrowth occurred following chlorination. Of the other nine
antibiotics tested, chlorination resulted in an increased proportion of bacteria resistant to some, but a decrease
in the proportion resistant to the remainder. Multiple resistance was found for up to nine antibiotics, especially
in regrowtb populations. Identification of about 5% of the isolates showed that the highest proportion of
Escherichia coli fell in untreated sewage. Some rare and potentially pathogenic species were isolated from
chlorinated and regrowth samples, including Yersinia enterocolitica, Yersinia pestis, Pasteurella multocida, and
Hafnia alvei. Our results indicate that chlorination, while j01jally lowering the total number of bacteria in
sewage, may substantially increase the proportions of antibiotic-resistant, potentially pathogenic organisms.


The occurrence of multiply antibiotic-resistant (MAR)
bacteria in both drinking water and wastewater has been
demonstrated in many studies (2, 3, 22, 23, 25) and is
considered an important potential health problem. Antibiotic
resistance in pathogens causes difficulty in effectively treat-
ing human infections, but antibiotic resistance in organisms
which are not considered primary pathogens is also impor-
tant because of the ability of these organisms to transmit
resistance to other organisms by means of transmissible
resistance factors (R-factors) (8, 9, 21, 24).


In a survey of 193 healthy adults and children who were
not attending hospital and who had not recently received
antibiotics, 53% were found to carry antibiotic-resistant
coliforms in their feces, and in 61% of these coliforms
transmissible R-factors were demonstrated (15). Another
similar study indicated that 52% of patients entering hospital
for nonurgent surgical operations carried antibiotic-resistant
Escherichia coli. Approximately 60% of the resistant bacte-
ria possessed R-factors, with multiple resistance patterns
being more frequent than single ones (8). Other studies have
supported the view that intestinal bacteria carrying R-factors
are widespread in the human population (16, 19).
Wastewater treatments have been found to increase the


proportion of bacteria which carry R-factors (5, 6, 11, 14,
18). Furthermore, Shuval et al. (20) have shown that exten-
sive growth of both fecal and nonfecal coliforms occurred in
chlorinated samples, even though no coliforms were detect-
ed immediately after chlorination. Under field conditions the
regrowth of coliforms in chlorinated effluent that had been
held for 3 days was inversely correlated with both the
residual chlorine in the reservoir and the initial number of
surviving coliforms. Laboratory experiments showed that
regrowth occurred after initial exposure to 11 ppm (11 ,ug/ml)
of chlorine, even in the absence of chlorine neutralization
(20).
Other workers (14) found that the proportion of antibiotic-


resistant coliforms increased from those in fecal material (0.1
to 1% of total coliforms being resistant) through urban
wastewater (10% resistant) to river water (50%) and finally


* Corresponding author.


to potable water, where 80% of any coliforms present were
antibiotic resistant. The increase in the proportions of antibi-
otic-resistant bacteria has been attributed to R-factor trans-
fer (20). Multiple resistance in bacteria isolated from chlo-
rine-treated and untreated drinking water has been studied,
with the conclusion that treatment of raw water and its
subsequent distribution selected for bacterial populations
resistant to several antibiotics (2, 3). The chlorination step
was thought to be involved in the selection of antibiotic
resistance.
The purpose of the present research was to determine the


extent which chlorination plays in the development of antibi-
otic resistance. We studied the changes in antibiotic resist-
ance patterns after wastewater chlorination at a municipal
plant and also after laboratory chlorination and regrowth of
sewage-contaminated drinking water. The antibiotic resist-
ance patterns to 11 antibiotics were determined and ana-
lyzed. A preliminary identification of a sample of the surviv-
ing organisms was made.


MATERIALS AND METHODS
Description of bacterial populations studied. Four popula-


tions of bacteria were used in this study. The following terms
are used to describe them. (i) The effluent population was
isolated from samples of chlorinated effluent obtained from
the Green Creek Sewage Treatment Plant, Ottawa, Ont.,
Canada. (ii) The influent population was isolated from raw
sewage influent above the treatment plant. (iii) The chlori-
nated influent population was isolated from the influent raw
sewage which had been chlorinated in the laboratory. (iv)
The regrowth population was isolated from a sample of
chlorinated influent, following 24-h recovery (regrowth) af-
ter laboratory chlorination.
Sample collection. Influent or effluent samples were col-


lected at 10:00 a.m. by plant personnel and held at 4°C during
transportation to the laboratory. The bacterial populations
were isolated from samples collected over the period Febru-
ary through March 1981.


Wastewater treatment in the sewage treatment plant. The
influent remained in holding tanks for 1.5 h to allow gravity
sedimentation of particulate matter; coagulation was aided
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TABLE 1. Antibiotic disks used


Inhibition zone diam (including


Antibiotic Disk po- disk diamn) (mm)tency (,ug) Resis- Interme- Sens-
tant diate itive


Ampicillin 10 <12 12-13 >13
Cephalothin 30 <15 15-17 >17
Chloramphenicol 30 <13 13-17 >17
Gentamicin 10 - 13 >13
Kanamycin 30 <14 14-17 >17
Nalidixic acid 30 <14 14-18 >18
Nitrofurantoin 300 U <15 15-16 >16
Polymixin B 300 U <9 9-11 >11
Sulfonamides 300 <13 13-16 >16
Tetracycline 30 <15 15-18 >18
Trimethoprim 25 <11 11-15 >15


by the addition of 0.25 ppm (0.25 p.g/ml) of Percol 727 (Allied
Colloids, Rexdale, Ont., Canada). The influent was then
dosed with chlorine, such that after 20 min the residual
available chlorine was 0.5 mg/liter.


Isolation of effluent and influent populations. The samples
were shaken mechanically for 30 min at room temperature to
disrupt clumps of particulate material. Serial dilutions of
both influent and effluent samples were made with chlorine-
free, filter-sterilized tap water. Samples of these dilutions
were passed through membrane filters (0.45 p,m; Nuclepore
Corp., Pleasanton, Calif.) which were incubated on eosin
methylane blue agar (Difco Laboratories, Detroit, Mich.) at
37°C for 18 h, after which the colonies were counted and the
bacterial count in the original samples was calculated. Eosin
methylene blue agar was chosen as the initial medium on


which to isolate the sewage bacteria because of its selectivity
for lactose-fermenting strains (1). Such lactose-fermenting
(metallic sheen) colonies were then purified by streaking for
single colonies onto MacConkey agar (Difco).
Laboratory chlorination of influent. To part of the initial


10-fold dilution of influent, chlorine was added from a


standardized stock solution to give an initial dose of 1 mg of
total chlorine per liter in tap water (25). The sample was


allowed to stand at room temperature in the dark for 1 h, a


portion was withdrawn for chlorine measurement, and free
chlorine was neutralized in the remainder by the addition of
3 ml of 1% sodium thiosulfate (J. T. Baker Chemical Co.,
Phillipsburg, N.J.) per 100 ml of bacterial suspension. Target
bacteria survival varied from 10-3 to 10-4 in these chlorinat-


ed samples. There was no detectable killing in an identical
nonchlorinated control sample.
Laboratory determination of chlorine levels. Total available


chlorine levels were measured by the N,N-diethyl-p-phenyl-
enediamine procedure, using the Hellige hand colorimeter,
in accordance with method 409F of the American Public
Health Association (1). Total available chlorine was 0.8 to
0;9 mg/liter in all experiments, the difference from that added
presumably being due to organic matter in the samples.
Regrowth population. The regrowth population was isolat-


ed as above, from chlorinated influent which had been
allowed to stand at room temperature for 24 h after neutral-
ization of the chlorine by sodium thiosulfate. After this
recovery period the viable count increased 100-fold.


Determination of antibiotic resistance profiles. Antibiotic
resistance profiles were obtained for approximately 1,900
isolates. A single colony of each of the purified isolates from
the MacConkey agar plates was inoculated into 5 ml of
sterile broth and incubated at 37°C for 2 to 10 h to give an


optical density visually equal to a MacFarland no. 3 standard
(ca. 109 cells per ml). Mueller-Hinton agar (Difco) plates
were confluently seeded by swabbing with cotton (Q-tips;
Johnson & Johnson, Cheeseborough-Ponds, Markham, On-
tario) moistened with the culture. After the plates were dried
for 1 h, a semiautomatic dispenser was used to place up to 12
different antibiotic-impregnated disks on each plate. Diame-
ters of the inhibition zones surrounding the disks were
recorded after 18 h of incubation at 37°C. Bacterial isolates
were characterized as "resistant," "intermediate," or "sen-


sitive" according to the specifications for the disks provided
by the manufacturer (Pfizer Inc., New York, N.Y.) and
given in Table 1.


Identification of strains. After determination of antibiotic
resistance profiles, the strains were stored on the MacCon-
key agar plates until all strains were thus characterized. One
isolate of every 10 from these MacConkey plates was


selected at random and provisionally identified by using the
Analytical Profile Index system (Analytab Products, Ayerst
Laboratories, Plainview, N.Y.).


Statistical methods. The date of sample collection was


treated as a blocking factor in the analysis. The difference
between the proportions of isolates which were resistant in
the different populations was examined for each antibiotic,
using the Mantel-Haenszel test for proportions in a blocked
experiment (17). Comparisons of proportion were made
between (i) influent and chlorinated influent, (ii) influent and
regrowth, (iii) influent and effluent, and (iv) regrowth and


TABLE 2. Comparison of antibiotic resistance in bacterial populations"
Influent (%) Effluent (Yc) Chlorinated influent (%) Regrowth (%)


Antibiotic' No. of No. of No. of
R I S isolates R I S isolates R I S isolates R I S isolates


AMP 68 6 25 692 73 6 20 190 77 8 14 723 83 5 12 258
CEPH 45 12 43 692 53 3 44 189 60 5 35 722 75 6 19 257
KAN 4 5 91 692 3 2 95 190 6 5 89 723 2 3 95 258
POL 1 8 90 692 0.5 0.5 99 190 2 8 91 723 0 1 99 258
GEN 1 99 692 1 99 188 2 98 723 1 99 258
TET 8 11 81 692 4 10 86 190 11 8 80 722 18 6 76 258
CHLOR 3 1 96 690 0 4 96 190 2 2 97 723 2 0.4 97 258
NIT 8 13 79 691 2 3 95 190 3 7 90 723 4 1 95 258
NAL 1 6 93 691 0.5 2 98 190 2 2 96 723 3 1 96 258
SUL 20 10 70 690 18 4 77 190 21 11 69 723 34 6 59 258
TRI 4 1 94 691 5 3 92 189 4 2 93 722 10 1 88 258


"R, Resistant; I. intermediate; S, sensitive.
b AMP, Ampicillin; CEPH, cephalothin; KAN, kanamycin; POL, polymixin B: GEN, gentamicin; TET. tetracycline: CHLOR, chloramphenicol; NIT,


nitrofurantoin; NAL, nalidixic acid; SUL, sulfonamides; TRI, trimethoprim.
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FIG. 1. Percentage of stra


chlorinated influent. Because of the exploratory nature of
the study, no attempt was made to control overall error rate
in the experiment. Significance was tested at P < 0.05.


RESULTS


About 84% of the 1,900 isolates were resistant to at least
one of the antibiotics tested: in particular, 79.5% in the
influent, 88.2% in the chlorinated influent, 87.5% in the
regrowth, and 81.2% in the effluent. Table 2 shows the
proportion resistant to each antibiotic for the different popu-
lations, and Fig. 1 summarizes this information graphically.
The statistical significance of these results is shown in Table
3.
The proportion of bacteria resistant to ampicillin and


cephalothin increased significantly in the order influent,
effluent, chlorinated influent, and regrowth. For tetracy-
cline, nalidixic acid, sulfonamides, and trimethroprim the
regrowth population showed the highest incidence of resist-
ance. Relatively little resistance to other antibiotics ap-
peared in any of populations studied. At these low levels,
however, decreased resistance to kanamycin, chlorampheni-
col, nitrofurantoin, gentamicin, polymixin, and nalidixic acid
was observed after chlorination or regrowth or both (Fig. 1;
Table 3).


Occurrence of multiple resistance. Table 4 shows the
proportion of each population resistant to one to nine
antibiotics. The mean value of multiple antibiotic resistance
was significantly higher in the regrowth population at 2.34
antibiotics per isolate than it was in the chlorinated effluent
(1.89), influent (1.64), and effluent (1.61).


Resistance to certain antibiotics appeared to be linked.
For example, over 90% of the isolates resistant to four or
more antibiotics were resistant to ampicillin, cephalothin,
sulfonamides, and tetracycline or to ampicillin, cephalothin,
sulfonamides, and trimethoprim. In the group multiply resis-
tant to four or more antibiotics, resistance to nitrofurantoin
and nalidixic acid was associated with one another in 88% of
the isolates where resistance to one of them was detected.


Strains identified in the populations. Table 5 shows the
proportions of bacterial species identified in each of the
populations. This information applies to the 70% of strains
which survived storage after determination of their antibiotic
resistance profiles. Thirty-five percent of these failed to key
out on the Analytical Profile Index system. Consequently,
the species distribution we found may differ somewhat from


7Z777 WLUENT
EFFLUENT
CHLORINATED INFLUENT


_REGROWTH


TET CHLOR NIT NAL SUL


ins resistant to each antibiotic.


the environmental distribution. However, as expected, most
species were coliforms or related species in the family
Enterobacteriaceae. Most interesting is the decrease in the
proportion of E. coli strains identified in the chlorinated
influent, regrowth, and effluent populations compared with
the nonchlorinated influent.


DISCUSSION
The proportions of bacteria resistant to at least one


antibiotic ranged from 79.5% in the influent to 87.5% in the


TABLE 3. Patterns of incidence of resistance


Antibiotic


Ampicillin


Cephalothin


Kanamycin


Polymixin B


Gentamicin


Significant
differences
(P < 0.05)"


CI > I
R > I
R > CI


Cl > I
R > I
R > CI


CI > R
I>R


CI > R


I > R


I> E


Tetracycline CI > I
R > I
R > Cl


Chloramphenicol I > E
I > R


Nitrofurantoin I > Cl


Nalidixic acid R > Cl


Trimethoprim R > CI


Sulfonamides R > Cl
R > I


a I, Influent; CI, chlorinated influent; R, regrowth; E, effluent.
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TABLE 4. Percentage of strains resistant to zero, one, or more
antibiotics


No. of antibiotics % of strains resistant in given population
to which bacteria


exhibited Influent Chlorinated Regrowth Effluent
resistance influent


0 20.5 11.8 12.5 18.8
1 30.9 26.5 10.9 30.6
2 26.3 35.3 34.6 29.0
3 13.8 17.1 24.5 15.6
4 5.4 6.5 13.2 4.3
5 1.6 1.5 1.6 1.6
6 1.2 1.1 1.2 0.0
7 0.1 0.0 0.8 0.0
8 0.1 0.0 0.8 0.0
9 0.1 0.1 0.0 0.0


Population (n) 689 720 254 186


Mean resistance 1.65 1.90 2.33 1.61


regrowth samples. These values are comparable to those
obtained by Armstrong et al., who found proportions of up
to 87% in river water and 84.5% in clear well water resistant
to one or more antibiotic (2), and with the findings of
LeClerc and Mizon (14), who found that up to 80% of
coliforms in potable water were antibiotic resistant.
While our study was in progress, Armstrong et al. (2)


published comparisons between standard plate count iso-
lates from source river water and drinking water produced
by flash mixing with chlorine. They found a significant
increase in the proportions of MAR bacteria. They also
studied antibiotic resistance profiles of isolates that survived
laboratory chlorination of river water, resulting in an 800-
fold decrease in the standard plate count population, and
found no increase in the proportion of MAR strains in these
isolates. In our study we found a significant increase in the
percentage of strains multiply resistant to two or three
antibiotics when influent was chlorinated in the laboratory
and a marginal increase when influent was compared with
effluent which had been treated at the sewage treatment
plant (Table 3).


Differences between our results and those of Armstrong et
al. (2) may be more apparent than real: in our study only
lactos,e-fermenting bacteria isolated from eosin methylene
blue plates were studied, so our populations are more
representative of coliforms, and in our laboratory chlorina-
tion procedures we observed a 10-fold-greater degree of
bacterial death by chlorination than that observed by Arm-
strong et al. (2, 3). It is possible that chlorinated coliform
populations are more likely to develop MAR strains than
other bacteria or that increase in the number of MAR strains
appears only after the survival rate falls to 10-3 or less. The
difference in the incidence of MAR strains arising in our


laboratory studies compared with those found after waste-
water treatment at the sewage treatment plant probably
reflects differences between chlorination and recovery
which occur in the two environments. Despite such differ-
ences, both treatments increase the incidence of antibiotic
resistance in survivors, but the effect on MAR incidence is
more pronounced in laboratory-chlorinated samples.
Though increased resistance, notably to ampicillin, cepha-


losporin, tetracycline, and sulfanilimide, was the most strik-
ing finding, resistance to some antibiotics decreased on
chlorination (see Results). There is, thus far, no clear
relation between mode of antibiotic action and pattern of


TABLE 5. Identified strains"


Frequency in populations
Species Influent Chlorinated Regrowth Effluent


influent


Klebsiella ozaenae 0 2 0 0
Klebsiella oxytoca 7 8 2 2
Klebsiella pneumoniae 8 7 5 2
Aeromonas hydrophila 6 11 3 2
Escherichia coli 12 1 0 1
Enterobacter cloacae 1 0 1 0
Enterobacter aglomerans 0 2 1 1
Yersinia pestis 0 1 0 0
Yersinia enterocolitica 0 0 0 1
Pasteurella multocida 0 1 1 0
Serratia liquifaciens 0 1 0 0
Hafnia alvei 0 0 0 2
Citrobacter freundii 0 1 1 0
Shigella boydii 1 1 0 0
Unidentifiable 20 19 2 3


"Strains identified were selected at random (every 10th numbered isolate)
from isolates that survived storage after determination of antibiotic resistance
profiles.


resistance development. Among the antibiotics to which
resistance increased after chlorination, ampicillin and cepha-
lothin act on cell wall synthesis and sulfanilamide and
trimethoprim act on folic acid synthesis and metabolism,
respectively. Tetracycline, to which resistance increases,
and chloramphenicol, gentamicin, and kanamycin, to which
it decreases, act on different aspects of ribosomal function
(10). Nitrofurantoin, to which resistance decreases after
chlorination, has been reported to affect translation initiation
and to cause DNA damage (13).


It is not clear whether chlorination selects or induces
changes in antibiotic resistance in bacterial populations.
Several workers have suggested that the fecal coliforms,
which are generally more antibiotic resistant than other
coliforms, may have a survival advantage in natural and
treated wastewaters (4, 5, 7, 11).
Armstrong et al. (2) suggested, without specifying the


mechanisms, that stress-tolerant strains selected by chlori-
nation would be more antibiotic resistant. It is uncertain
whether specifically chlorine-resistant coliforms exist (12),
and certainly no physiological linkage between resistance to
chlorine and that to antibiotics suggests itself. However, the
possibility that resistant or MAR strains survive chlorination
better than sensitive strains could be tested directly. Anoth-
er possibility, that chlorination helps in the transfer of
antibiotic resistance plasmids to the surviving population of
bacteria, is also open to experimental investigation.
Although most coliforms are usually considered as harm-


less indicators of water quality, strains ofMAR bacteria that
colonize the intestinal tract of humans or animals could
transfer their resistance to intestinal commensals and in turn
to drug-sensitive pathogens (9, 21, 24). The maximum re-
moval of MAR bacteria from sewage before discharge to the
environment and prevention of their contamination of drink-
ing water are obviously highly desirable. However, whereas
chlorination initially lowers the total number of bacteria, it
may substantially increase the proportions of those resistant
to one or more antibiotics and thus facilitate the transfer of
resistance to other, possibly pathogenic, strains.
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